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S. 1983-1984 AIR FORCE IEAPOS LABORATORY RESEARCH SCHOLAR PIRGRAM

I. SUMMARY

The AFWL Research Scholar Program was initiated as a pilot program
to provide new research scholars with one year appointments at the Air

* Force Weapons Laboratory.

* Extensive mailings were made bo technical departments at universi-
ties around the United States where programs of prime interest to the
Weapons Laboratory were established. These included nuclear physics,
radiation effects, electramagnetics, laser optics and related applied
sciences.

Four scholars were appointed beginning in September 1983 and extend-
ing through Septerber 1984, for 12 months duration.

Several technical papers were presented by the scholars during the
year. The final technical reports on the scholar's work are included in

r" this report.

This pilot program was judged a success by both the scholars and
their laboratory associates. Their comments were solicited by question-
naire and are included. The scholars were judged to be beneficial to the
laboratory. The opportunity of having new research people on a short

* term basis was felt to be very stimulating and worth while. Their inter-
action with the laboratory was very positive.

Overall, the scholars felt their experiences at the laboratory were
. constructive steps in their professional development.

U!
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1983-1984 AIR FORCE 1"EAPObS LABORATORY RESEARCH SCHOLAR PROGRAM

~II. INTRODUCTION

The Air Force Office of Scientific Research, the Air Force
Weapons Laboratory, and the Southeastern Center for Electrical
Engineering Education initiated a pilot U.S. Air Force Weapons Laboratory
(AFWL) Research Scholar Program beginning in the fall of 1983. This new
program was an adjunct effort to the U.S. Air Force Sumer Faculty
Research Program (SFRP) established by contract modification dated March
1983 under a special studies clause. This pilot program provided
research opportunities for selected engineers and scientists holding a
doctoral degree to work in residence at the Air Force Weapons Laboratory
for a one year research period.

To be elgible, all candidates must be a U.S. citizen and have a
Ph.D. or equivalent in an appropriate technical field. The scholars will
be selected primarily from such basic and applied science and engineering
fields as pnysics, particularly nuclear and laser ph±ysics, civil,
electrical, aeronautical, nuclear, and mechanical engineering and also

* from applied mathematics and computer science.

The AFWL Scholar in this program had the following specific obli-
gations:

1) To participate in advanced research programs
at the Air Force Weapons Laboratory;

2) To prepare a report at the end of the one year appointment
describing their research accomplishments. This report
will be approved by the Air Force Weapons Laboratory;

3) To complete an evaluation questionnaire on the Air Force
Weapons Laboratory Research Scholar Program.

III. APPLICATION INFOMATION

Qualified technical people who were interested in an appointment
under this program were asked to file a formal application and supporting
materials with the program director at SCEEE. Formal application forms
and program announcements were widely distributed and also available from
the SCEES programs office. In this program SCEEE supports equal
opportunity/affirmative action so that all qualified applicants received
consideration without regard to race, color, religion, sex, or national
origin.

The application deadline was July 15, 1983.

6



AIR FORCE 4EAPONS LAkiORKORY SCHOLAR PRGRAM

5 AFL SCHOLAR PROGRAM OBJECTIVES:

(1) To provide a productive means for scientists and engineers
holding Ph.D. degrees to participate in research at tne
Air Force Weapons Lacoratory;

* (2) T stimulate continuing professional association among the
research scholars and their professional peers in the Air
Force;

(3) TO further the research objectives of the United States
Air Force;

(4) TO enhance the research productivity and capabilities of
scientists and engineers especially as these relate tD Air
Force technical interests.

PREREQUISITES FOR APPOINTMEMT: T be qualified for consideration as an
AFWL Scholar in the fall 1983 program, the applicant must:

(1) Be a U.S. citizen;

(2) Be the holder of a Ph.D. degree, or equivalent,
in an appropriate technical specialty;

(3) Be willing to pursue research work of limited time
duration at the Air Force Weapons Laboratory.

Altnough it is anticipated that the research itself may be
unclassified, the scholar must hold or be eligible for a Department of
Defense SECRrT clearance in order to insure access to work areas.

RESEARCH PERIOD: The period of this appointment is for one year at the
Air Force Weapons Laboratory research site, Kirtland AFB, New Mexico
beginning in the fall 1983 and ending during 1984.

FINANCIAL TERMS: The planned stipend for the AEW-L Research Scholar in
this program is as follows:

$90.00 per day for a maximum of 260 days.

Travel expenses will be reinbursed for one trip from the scholar's
normal location to the Air Force facility at the start of the
appointment; and one return trip from the laboratory to the scholar's

. normal home base at the end of the appointment period. This travel will
be reimbursed in accordance with SCEEE travel policy.

An expense allowance of $35.00 per day will be reimbursed for each

day the scholar spends at the Air Force Weapons Laboratory location
during the research year.

7
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III. IORMTION RCMU*RE FOR AM EARM SCHOLARS

The information brochure was furnished to all appointed scholars.
The purpose was to inform them of their responsibilities and obligations
under the program and to furnish guidance in properly completing their
invoices for compensation and reimbursement of expenses.

Also appended to this brochure is a copy of the Budget Memorandum tu
be comp.Leted by the scholar. This established the program budget against
which the individual scholars could bill SCEEE for their services.

8
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I. AFWL SCHOLAR OBLIGATIONS

'L SCEEE is required by contract to impose certain obligations on you in

your status as an AFWL Scholar. This section outlines those obligations, and"you should read them thoroughly. You are required to sign and return the
K[ statement of understanding before the final processing of your appointment can

be completed. The following is a list of these obligations:
U

1. Research Goals and Objectives: A statement of research objectives
must oe provided to SCEEE near the beginning of the Research period.
It should outline your goals and the approach you intend to follow in
researching these goals. It should be submitted with your first
invoice for payment. Neither travel expenses nor expense allowances
will oe reimbursed until after receipt of your statement of research
objectives. The report should also clearly indicate the date of your
first working day of the research period.

2. Final Report: At the end of your research effort, you are required
to submit to SCEEE a completed, typewritten scientific report stating
the objective of the research effort, the approach taken, results,
and recommendations. Information on the required format is included
in a "FINAL REPORT INEORMATION BJLETIN" which will be furnished tD
you at a later time. However, the final report must be approved by
the AF Weapons Laboratory and then transmitted so as o reach
SCEEE by Monday October 10, 1984. Eamnt of Compensation" for the
final four weeks of your research period cannot be Tade until SCEE
has received and approved this report in the required format.

3. Program Evaluation Questionnaire: You will be asked to omplete a
critique form at the end of your research period regarding your
impressions of the program. This critique form should be completed
and returned to SCEEE no later than Monday October 10, 1984.
Return of this form is a program requirement.

• 11



4. U.S. Air Force-SCEE-AEWL Scholar Relationship:
The U.S. Air Force and SCEEE understand and agree that the services
to be delivered by the AFWL Research Scholar under this contract
will be non-personal services and the parties recognize and agree
that no employer-employee or master-servant relationships will exist
between the U.S. Air Force and the AEWL Research Scholar.
Non-personal services are defined as work performed by an individual
who is responsible for an end item (such as a report), free of
supervision of the U.S. Air Force and free of an employer-employee
relationship.

As an AFWL Research Scholar, you will not:

(a) Be placed in a position where you are appointed or employed by
a Federal Officer or are under the supervision, direction, or
evaluation of a Federal Officer, military or civilian.

(b) Be placed in a staff or policy-making position.

(c) Be placed in a position of cownand, supervision, administra-
tion, or control over Air Force military or civilian personnel
or personnel of other contractors or become a part of the U. S.
Air Force organization.

The services to be performed under the AFWL Research Scholar
Program do not require SCEEE or the AFWL Scholar to exercise
personal exercise personal judgement and discretion on behalf
of the U.S. Air Force; rather, the AFWL Scholar will act and
exercise personal judgement and discretion in coordination with
the Air Force Weapons Laboratory Technical Focal Point.

The Air Force will have unrestricted use of and access to all data
developed during tne period of this appointment.

12
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II. ALLSW.BLE TRAVEL EXPE1SES

The AFWL Research Scholar Program provides potential funding for one round
trip between your home and your assigned research location. As soon as you

- have signed and returned your appointment letter along with the budget sheet,
you will be authorized to receive reimbursement for travel expenses as
described below.

As outlined in the SCEEE-AFWL Research Scholar Obligations section in this
* brochure, you are authorized reimbursement for travel to your assigned

research location at the start of your research effort and a return trip at
the end of the research period. You are expected to make your own
arrangements for this travel; after each trip you may invoice SCEEE for

* - reimbursement of allowable expenses in the format described in the
Instructions for Invoicing for Compensation and Reimbursement section of this
brochure. Closely coordinate your travel plans with yr TECHNICAL EFFORT
FOCAL POINT AT THE LABORATORY. Your Technical Effort Focal Point is an
individual at your research location who will be identified prior to your
effort start date.

r All travel reimbursements under SCEEE-AFWL Research Scholar appointments are
. made according to current SCEEE policy, and deviations from the approved

budget are not authorized and will not be reimbursed. In light of these
restrictions, you may choose either to travel by commercial airline at coach
rates or less, by bus, by driving your private auto, or by a oombination.
(Please note that funding for rental cars is not allowed; SCEEE will not
reimburse this expense. With any of these choicesishu may claim reimbursement
up to the amount for the most direct routing, taking into the account the
desirability of routing on interstate highways if you drive your private
auto.

Reimbursement for direct route travel by cuercial airline will thus be paid
on your submission of an invoice to SCESE following the invoicing instructions
referenced above. In the view of the convenience of having a car at the
research location, SCEEE strongly recommends that a private auto be used for

" travel wnen practical. Reimbursement for mileage when you drive your private
.-auto is at the rate of 201 per mile within the routing restrictions mentioned

aoove and will likewise be paid on submission of an invoice prepared according
to the referenced instructions.

These items above are the Mix reimbursable travel allowances authorized for
the AFWL RESARCH SCHOLAR appointment. Please be advised that any additional
travel expenses incurred during the apointment eriod will be our prsonalre s~niblit. However, travel expe nses incurred at the reque st'of the
La*ratory Ad be arranged through your Laboratory
and will be covered by other travel budgets. This other travel is not covered
by the AFWL Research Scholar Program.

During the Research period, you will be authorized to receive an expense
allowance in lieu of a per diem payment. The rate of this allowance is $35
per day for a maximum of 365 days. To receive this allowance, you are
required to invoice for it as described in the invoicing reference above.

13
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III. INSTRUCTIONS FOR INVOICING FOR COMPENSATION AND REIMBURSEMENT

Attached is a copy of the Invoice Format that you are required to use to
obtain compensation or other reimbursement from SCEEE. Note that all
disoursements by SCEEE for compensation, travel, and/or other expenses are
subject to audit approval, so you must submit receipts substantiating charges
invoiced.

In addition, you must prepare and attached to each completed invoice a Brief
Report of Effort.

A. PREPARATION CF BRIEF REPORT OF EFFORT

Whenever you submit an Invoice for reimbursement to SCEEE you must also in-
clude a brief report describing your activities for the invoice period. To
meet this obligation, you must epare, date, sign, and attach to ZNu con-
pleted invoice a BriefReport Ot Effort c i-criIng the research accomplished
on the ppintment and explain any travel during the invoice period.

This report should include innovative techniques and designs or discoveries
which may be disclosed as patents. Rights to any inventions or discoveries
shall reside with SCEEE unless determined otherwise by the contracting agency.

The Brief report should never exceed one typewritten page and most often
snould be considerably shorter than one page.

The following is an example of such a report:

BRIEF REPORT OF EFFORT

Effort has ceen initiated on pole extraction methods. The modified
ordinary least squares technique has been giving fair results. Work
is presently being done on finding a better matrix inversion tech-
nique for the case when the coefficient matrix is ill-conditioned.
Some problems have been encountered with conditioning when the data
is filtered.

Travel invoice is for the trip to my research location.

Novenber 18, 1983

14
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B. PREPARATION OF' INVOICE FORMAT

Detailed instructions on properly completing your Invoice Format for
reimbursement are provided below. Review them carefully.

(1) In the opening statement of the claim for remuneration on the invoice
format, two dates are required. They are the date of your appointment

-- letter from SCEEE (in the first blank) and the date you signed that
letter accepting your appointment (in the second blank).

Other financial items required on the Invoice Format are for
COMPENSATIO, TRAVEL, EXPENSE ALL NCE. These are now explained individually
with examples.

(2) COMPENSATIO6

(a) In the first blank to the right of CCMPENSATION indicate the umiber

of days you are claiming for compensation in this partic ar
invoice.

(b) In the next blank enter your SCEEE-AWL RESEARCH SCHOLAR daily
appointment rate as noted in your appointment letter.

(c) Multiply the number of days times your appointment rate and enter
the total dollar amount in the blank at the far right side. Note

* that the accumulated total number of days you claim on this
appointment may not exceed the number authorized in your appointment
letter. Some specific details on the compensation days must be

-- provided in the next space.

(d) Under tne neading Date, list the date of eacnofthedays you are
claiming for campenis-- ion, and cps--Ee each nde r t heeading
Place of Activity indicate where you workeo on that date.

A sample entry of a correctly completed COMPEATION item is shown
below:

SAMPLE (OMPENSATION ENTRY ON INVOICE

COMPENSATION: ( 12 days @ $90.00 per day) ....... $ 1080.00 (II)

Date (Specify exact dates) Place of Activity

Nov 3-4, 1983 AF Weapons Laboratory
Nov 7-11, 1983 (inclusive) Kirtland AFB, New Mexico

- Nov 14, 15, 16, 17, 18, 1983

:. : 15
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(3) TRAVEL

(a) Under the heading Date indicate the date you departed on your trip
and the date you arFl-ved at your destination.

(b) Under tne heading Departure/Arrival Time list the departure and
arrival times for the corresponding days you listed under Date.

* (c) List your destination under the heading Destination.

(d) Under the heading Mode, indicate your principal means cf convey-
ance; i.e., ccnmrcirair, private auto, etc.

(e) Under the heading Amount, itemize these expenditures for
travel reimbursement.

(f) Total these travel items and enter the total dollar amount to be
reimbursed for travel in this particular submission on the
line to the right of Total Travel Expense.

An example of a correctly completed TRAVEL entry is shown below.

TRAVEL EXAMPLE: TRAVEL TO RESEARCH LOCATION BY PRIVATE AMTO

TRAVEL: (Attach receipts for all Airline or Bus charges. Payment

cannot be made without receipts attached to invoice.)

Date Departure/Arrival Time Destination tMode Amount

9/27-10/1/83 0630/1530 AF Weapons Lab. Private $300.00
Kirtland AFB, NM. Auto

One-way trip fran home in Eugene, Oregon to Kirtland AFB, NMl.
(1500 mi x 20/mi= $300.00)

(mileage at start: 24162; at end: 25662)

Total Travel Expense ......................... ........ S 300.00 (III)

ft.
Please note the following ccmments about the TRAVEL EXAMPLE:

i) Travel by your private auto in lieu of a ccmmercial airline is
authorized as a convenience to the traveler.

ii) Travel with use of a privately-owned vehicle will be reimbursed
at the rate of 20 per mile provided mileage is listed with the
start and end mileage on each separate use for all distances
over 100 miles.

16
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(4) EXPENSE ALOWA14CE

This item on the invoice will be used to claim the $35 per day for
reimursement of costs incurrea at your assigneu researa location.

(a) In the first blank to the right of EXPENSE ALLOANCE enter the number
of days for which you are claiming reimbursement of the expense
allowance for costs incurred at your assigned research location.

(b) Multiply this number by the daily allowance rate of $35.00 and enter
- this total dollar amount in the blank at the far right.

(c) Itemize the specific days for which you are claiming the Expense
Alo c; bursement. It can include weekend days and holidays as
well as regular work days.

The following is a sample of a correctly completed EXPENSE ALLOWkNCE item.

SAMPLE

EXPENSE ALLOWNCE: ( 16 days @ $35.00/day) ........ S 560.00 (IV)

Specific dates covered:
11/3/83 - 11/18/83 (inclusive)

(5) You may combine reimbursement requests for compensation, travel, ard
expense allowance in the same invoice. The total for all items
invoiced should be inaicated on the blank labeled "GRAND TOTAL FOR
INVOICE" in the lower right hand side of line 5.

* (6) IMPOFGANT: Indicate in the space provided on each invoice the address to
which you want the check mailed.

(7) You must sign and date your invoice in the lower right hand corner as
"VENDOR" before it is submitted; you MUST also have your Laboratory
Tecnnical Focal Point countersign the invoice before it is mailed to
SCEEE.

Invoices should be mailed to:

AFWL RESEARCH SCHOLAR PRY'AM OFFICE
SCEEE Central Florida Facility

* 1101 Massachusetts Avenue
St. Cloud, Florida 32769

17
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AFWL RESEARCH SCHOLAR PROGRAM

IIOICE FORMAT

(Brief Report of Effort Attached)

1. I claim remuneration from SCEEE, Inc. via the terms and conditions of the agreement
dated and accepted as follows:

2. COMPENSATION: ( days @ $ per day) ................... $ (II)

Date (Specify exact dates) Place of Activity

3. TRAVEL: (Attach receipts for all Airline or Bus charges. Payment
cannot be made without receipts attached to invoice.)

Date Departure/Arrival Time Destination Mode Amount

Total Travel Expense .................................... $ (III)

4. EXPENSE ALLOWANCE: ( days @ $35.00/day) .................... $ (IV)

Specific dates covered:

5. GRAND TOTAL FOR INVOICE (Sum of II, III, IV above) .............. $ (V)

6. Please send check to following address:

7. I certify that ompensation invoice is not concurrent with compensation received
from other Federal government projects, grants, contracts, or employment.

X X [

LAB. TECHNICAL FOCAL POINT SIQqATURE VENDCR SI(GATURE

Location of Faculty Social Sec. No.l . ..._"

Telephone Telephone_ 

Date Date

18



,-ZTHEASTERN Management Office
,.E-TER FOR Central Florida Facility

11th & Massachusetts Avenue
.,EL1ECTRICAL St. Cloud, FL 32769

ENGINE-E¢"NG"(305) 892-6146' "21_- INEERING
"UDCATION (SCEEE) Please reply to: Prof. W. D. Peele

/vi/

a

BUDGET~ MEI4JRANIIJM

T0: All AFWL Research Scholars
FROM: AEWL Research Scholar Program Director
DATE: September 1, 1983
3JSJTr: 1983-1984 AFWL Research Scholar Budget

Attached is a partially completed budget for your WL Research Scholar
Program appointment which we ask you to complete according to the following
instructions and return to SCEEE. Note that the budget requires you to
cormlete the travel item.

- KThe travel oudget has not been completed for you because you have two
options on how you may complete this travel: (1) by way of canmercial
airline, bus or train or (2) Dy way of your private auto. The private auto

jmode of travel is strongly reccom nded due to the convenience of having an
auto at your research location. You may request funding for one round trip
between your home and your assigned research location. -- -

The travel item authorizes reimbursement for either travel by your
private auto @ 20/mile or travel by cunmercial airline (coach), bus or
train. If you choose to drive your own vehicle on this trip, estimate the
total round-trip mileage you will drive and enter that figure in the
appropriate biank er'"Travel by Private Auto". Then multiply that figure

. - by $0.20 and enter the dollar amount in the appropriate space at the right
under "Travel by Private Auto".

If you choose to travel by way of commercial airline, bus or train call
your selected carrier and request the rate for round trip coach fare between
your home and your assigned research location. Itemize the rate and write
the total in the appropriate space beside "Travel by Camn Carrier".

19
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If your travel will be a mixture of common carrier ard private auto,
enter the estimated figures as described in both of the a e cases.

Rental cars are not authorized for the research period and will not be
reimbursed by SCEEE unless specific approval has been obtained from SCEEE
for exceptional circumstances. Except for the mileage or travel fare,
expenses incurred enroute to the research location and return for the
research period are not reimbursable.

DO NIr TOTAL THE UDGET.

After completing the above steps, please enter your name and address in
the space provided in the upper left corner of the sheet, enter your
research period starting date, sign and enter your social security tm=er on
the irdicated blank at the bottom right corner, and return the budget sheet
to SCEEE with your appointment letter.

20
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TEN~TATIVE APPOINTENT BJDGET

AIR FORCE WuEAPONS LABRATORY RESEARCH SCHOLAR PWGM

Niae Research Period Starting Date

Address

BUDGET ITEM

1. Time compensation: [260 days @ $ 90.00 per day] . .......... $ 23,400.00

2. Travel

Travel by comn carrier: [coach fare or less]. . . . . ._...

Travel by private auto: ( miles @ 20 per mile] . ._._.

3. Other expenses:
Expense allowance: [365 days @ $35 per day] . . . . . . . . . 12,775.00

4. . • ,

5. SCEEE G&A @ 8.3%

6. Total from federal agency

7. Total invoicing under your appointment may not exceed:

Signature

Social Security Ntmber

21
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IV. QJESTIMtAJRES AND RSPONSES

Questionnaires were sent to the Air rae 'Wepons Laboratory
Research Scholars and their technical associates at the laboratory to
obtain their evaluation of the program. The responses are furnished
here.

22



1983-1984
- -AIR FORCE WEAPOW LABORATORY SCHOLAR PRGRAi4

EVALUATION QJESTIONNAIRE
(To 8E coJmazE BY PmAericPANr)

Department (at -m) 649#14iih"

Home Institution bV &iftfz "un liVof' Ali'fA 4 ~ A .c~$atf
Research Colleague: /Dr. 2)d Ve4i , .) vlx

Laboratory Division of Colleague: 7 iJ. / A bh
Brief Title of Research Topic: /k1'rt'i t  6 'in Dk.Ai' n

A. TECHNICAL ASPECTS

1. Was your research assignment within your field of competency and/or interest?

YES V/NO

2. Did you have a reasonable choice of research assignment? YESjtNO

If no, why?

3. Was the work challenging? YES v NO

If no, what would have made it so?

II
4. Would you classify your year activity as research? YES VW
Comment:

5. Were your relations with your research colleagues satisfactory from a

technical point of view? YESVNO

If no, why?

6. Suggestions tor improvement of relationship. y)v.

* ,-7. Were you afforded adequate facilities ani support? YES NO

-, ," If no, hat did you need and wny was it not provided?

jhdG ' 1994



PAi rICIPATr cJESiCAIRE (Page 2 of 4)

8. During this program calendar period of one year: Did you acccoplish:

More than_ , less than_ , about what you expected / ?

9. Were you asked to present seminars on your work and/or your basic expertise?

YES/ NO

Please list dates, approximate attendance, length of seminars, and title of

presentations. AFL/fR/ /r - /i J 4eAP r-

10. Were you asked to participate in regular meetings in your laboratory?

YES _/NO

If yes, approximately .how often? WtA -ek)y

11. Did you Lerform travel on behalf of the laboratory? YES NO

Where to?

Purpose?__

12. Give a list of any "special" meetings you may have attended or participated

in, such as conferences, visiting lectures, etc.

)0ne.

13. Other omients concerning any "extra" activities.. _ 0__

14. On a scale of A to D, how would you rate this program?

A (JITC) .......... D (LCW)
Technically challenging B C D
Future research opportunity B C D
Professional association A B C D
Enhancement of my academic qualifications A C D
Enhancement of my research qualifications A C D
Overall value A C D

........... ....................... .. . •..



*- -* PARlICIPAlr QUESTICWWRE (Page 3 of 4)

B. ADMINIMSIRATIVE ASPECTS

* *. ow did y first hear of this program? 7 (,f u/vik "

Uw ah. Imr /i rI awly- &A, fuiau' L- 4l i -

2. What aspect of the program was the most decisive in causing you to apply?

k7 reSE41dt, Y"A~eASo i Iai- su w

3. Considering the time of year that you were required to accept or reject the

offer, did this cause you any problems of commitment? YES NO

How could it be improved? W6 -/a 4 "u,-c.-

4. After your acceptance, was information (housinq, location, directions, etc.)

supplied to you prior to the research period satisfactory? YES..iNO .
.. How could it be improved?_..... . . .. .... ... _ _

5. Did you have any difficulty in any domestic aspects (i.e., locate suitable
- I-housing, acceptance in ccmmunity, social life, any other "off-duty" aspects)?

YES NO~1
If yes, please explain.__ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

6. How do you rate the stipend level? Meager Pdequate_ Generous

7. Would an expense-paid pre-program visit to the work site have been helpful?

Essential Convenient Not worth expense.__.

Please add any other comments you may have. /rior i'i D uy ai Sr# ...

1'.'.II "7w 1.4

* . * , ..* .. .". .

x, 

***.

.. . .. -- ' " :'" / - .".- ,.',.", .,,: L '' '" , " - .- "." .. ....- ,-.- ,' ' , .' -,..' . ,- . . . -. - -A. . . .



PARTICIPANT QUESTIMNNIRE (Page 4 of 4)

8. Please suggest names of organizations, mailing lists, journals, or other in-

formation you think wuld be helpful in announcing this program.( CE .. ..... .

9. Considering the many-faceted aspects of administration, how do you rate the

overall conduct of this program?

Excellent Good _/Fair Poor

Please add any additional comments.

74?,

10. Please comment on what, in your opinion, are:

a. Strong points of the program: o7r nk~ p4 cgW A / 44aeer

, , , y•,c

b. Weak points of the program: k'/,,nd A7 .iwtta - 4 r -("d.d

recelve e ~y k r izry 1 max/ 'd /V~
4/€ A tAl Le 4d iti.ri 1 C ;&7.Mize h -/ A1, C W
hIcu X,r'L, ...

J /

11. on balance, do you feel this has been a fruitful, worthwhile, constructive

professional experience? YES O -..

12. Other remarks: A4l /%,l¢ wi€,crvdI .7 fel+ tt -,

AL Cu t - d ir4W dfi-ng .

Ap. d, J bavjr de pa4h' retwi-cZ d

ITHAN YM ~.



1983-1984
AIR FORCE WEAPONS LABORATORY SCHOLAR PROGRAM

EVALUATION Q3ESTIONNAIRE
(TO f laMPLET-D BY PARTICIPANT'S RESEARCH COLLEAGUE)

- Name A',- KEA - Title C-A " /

Division/Group ',-roS , / ., AF Weapons Laboratory

41 ame of Participant 574C£~

A. TECHNICAL ASPECTS

1. Did you have personal knowledge of the A-FWL Scholar's capabilities prior to

arrival at work site? YES _ If yes, where/how/what? 1-, Y.fr Vi,,v
-• (A , cf v? P-

2. Was the AFWL Scholar prepared for his project? YES X NO .

3. Please commxent on his preparedness/competency/scope/depth of knowledge of sub-

ject area: hei-/y Cy'$ - f cr' 6 4.

4. Please comment on the Scholar's cooperativeness, diligency, interest, etc.

5. Did work performed by the AFWL Scholar contribute to the overall mission pro-

gram of your laboratory? YES ) NO If yes, how? " ,./ x n .A'"/0-"

0 o ,a, r pLW.Js At

6. Would you classify the effort under the AFWL Scholar Program as research?

YES_ IO .

Ccmnent: 0,--d 050'O',r.~r# y

... .. ... .... ....

:. , .... . . . . . . . . . . . . . . . . . . . . ** *.4. 4 * * . * .. . . . . . . . . . . . . . . . . - .



COLLEAGUE QJESTICtNAIRE (Page 2 of 3)

7. Were your relations with the AFWL Scholar satisfactory from a technical point

of view? YESX NO
Suggestions as to now they might be improved:

8. Do you think that by having this AEWL Scholar working with your group, others

in the group benefited and/or were stimulated by nis presence?

YES X NO . Comments: c 7AJ, -, 5-,J/y 4)5) c," icJ

9. Do you feel that the introduction to each other, together with the Scholar's

work experience and performance could form a sound basis for continuation of

effort by the Scholar at his resident institute? YES_ SO .

If yes, how? 6fc~~/ -17l/h. r a^ S6/1 C If>(d -V '

If no, wny not?___o

* 10. One of the objectives of this program is to identify sources of basic researcn

capability and availability to the USAF. On a scale of A to D, how effective to

* you tnink this program will be in that respect?

A (HIGH) .... D (LOW)

ACC D

11. Also, please evaluate the role of this program as:

A (HIGH) ........ D (LOW)

a) An opportunity to stimulate group activity IA B C D

b) A vehicle to improve professional interactions A b C D

c) A constructive, professional experience C 8 C O



- -....

COLLEAGUE QUESTIC AIRE (Page 3 of 3)

B. ADMINISTRATIVE ASPECTS

1. t**hn did you first hear of this program? 2u'A 3

P I2. were you involved in selecting, screening or prioritizing the faculty appli-

cants for your division? YESY NO .

If yes, do you have any suggestions for improvement of the procedures used?

iVo

3. would an expense-paid pre-program visit to the work site be advisable?

Essential Convenient VNot worth expense.

Please add any comments: _/~/ C/ C>tA9/ _6 C, er,

CS "/, bJ S;r6 1.-*/

i 4. Please coment on the program length. Were you as a team able to acccmplish:

More than , less than_, about what you expected 3V ?

Coments: or7.. * .,'. jbs-s / , ir

1 5. Would you desire another AFWL Scholar to be assigned to you and/or your group

/division?

*'[ " If no, why not?

- .6. Overall, how would you rate the administration of the program?

A (HIGH).....D (LkV)

OB C D

7. Other remarks:

IANK YOU
............... .. ....

................... .I I lI- I-I" "" ? "" "'



1983-1984
AIR FORCE WEAPONS LABORA IU SCHOLAR PROGRAM

EVALUATION QJESTIONNAIRE
(10 8E 0X)4PLETMD BY PARTICIPANT)

Name

Department (at home)___ _ _.--,

Home Institution

Research Colleague: s' e e

Laboratory Division of Colleague: &iTT
Brief Title of Research Topic: Eev-P eTtCI)I'c-

... A. TECHNICAL ASPECTS

1. Was your research assignment within your field of competency and/or interest?
YES 'O

2. Did you have a reasonable choice of research assignment? YES .XNO.
If no, why?

3. Was the work challenging? YESX NO .

If no, what would have made it so?

4. Would you classify your year activity as research? YES..XYNO

Comment:

5. Were your relations with your research colleagues satisfactory from a

technical point of view? YESXINO . ,

* If no, why? ty- &c-C~i~

6. Suggestions for improvement of relationship._ r_ _ _ _ _

7. Were you afforded adequate facilities anrd support? YES ___NO x "

If no, whnat did you need and wny was it not provided?

Co mOnen5 fo r eot a4d tr4,'es Tok C ,onfls
1; order, 4 l r 7o reoeive -4/m h.,, / korv•
elu ,~rf n ad koc~ sfcee rtjl- a Vadatk

• . . . ... . . . .... .. . ... , ... ... .a a.- . .. .. . . . . . . . . . _.
- ,-,. . i- i ., '., i u m i i lp 'i. . ... . . . " 

'
. . -"S... .



PARTICIPANT UESTICNMAIRE (Page 2 of 4)

8. During this program calendar period of one year: Did you acccmplish:

More than , less than. X , about what you expected ?

9. Were you asked to prest seminars on your work and/or your basic expertise?

- YES .
Please list dates, approximate attendance, length of seminars, and title of

• presentations. 4\. p ,

13 /~ 4X'L ~tu

10. Were you asked to participate in regular meetings in your laboratory?

YES.L Og

If yes, approximately.how often? _ _ _ _ _ _ _4 __j

11. Did you perform travel on behalf of the laboratory? YES ]NO .

Where to? Fr &&a4

12. Give a list of any "special" meetings you may have attended or participated

S. in, such as conferences, visiting lectures, etc.

13. Other comments concerning any "extra" activities. _ _ _ _ _

14. on a scale of A to O, how would you rate this program?

'." "A (IGH) .......... D (LOW)

Technically challenging A C D
Future research opportunity B C D
Professional association A B D
Enhancement of my academic qualifications A B
Enhancement of my research qualifications A B C
Overall value A C D

-;-'-'~~~~..'.';.'.".'-,.. .""v_.',.". .-.. ,-.'.,-.. -' .. .... . . . . . . . . . ........ . . . . . . .**
- "l~~~i i~~i - '" " , :'.. . . . . . . . . ."-.. . . . . . . . . . . . . . . .:. ... ..... .. .',:,,:.-.::



PARTICIPANT iUESTINAIRE (Page 3 of 4)

B. ADMINISRATIVE ASPECTS

1 How did you first hear of this program? L 1Wj

2. What aspect of the program was the most decisive in causing you to apply?

3. Considering the time of year that you were required to accept or reject the

offer, did this cause you any problem of commitment? YES ,NO .

How could it be inoved?..

4. After your acceptance, was information (housinq, location, directions, etc.)

supplied to you prior to " researgh period satisfactory? YES NO

How could it be improved? 64-~% &n g A14) -

5. Did you have any difficulty ir any domestic aspects (i.e., locate suitable

housing, acceptance in comulunity, social life, any other "off-duty aspects)?

YES N

* ~If yes, please explain.______________ ____________

6. How do you te thp stiperd level? MeagerL jdequat, Generous F a

7. Would amn expense-paid pre-program visit to the work site have been helpful?

Essent ial)Convenient Not worth expense .
Please aci any other cvnuents you may have. ~ ./tS ~ 1Z0A

• o • . . , -. ,. . .- . . .

%° - o°, ?- ~~~~~~~~~~~~~~~~~~.'° . ..-... °.-...o°... -o. . ...... ,,~....... -.. .

• * & . .. * * .*~- * . ......**.- .*.. '. . ...-.



L

PARTICIPANT gUESTIONRE (Page 4 of 4)

8. Please suggest names of organizations, mailing lists, journals, or other in-

formation you think would be helpful in announcing this program.

9. Considering the many-faceted aspects of administration, how do you rate the

overall conduct of this program?

Excellent Good FairlXoor .

Please add any additional comments.

* 10. Please comient on what, in your cpinion, are: v

a. Strong points of the program:

C_ (A0 PEWL ,,L . .,, :

b. Wak point of the program:_ _ _ _ _ _ _ _

I
11. Cn balance, do you feel this has been a fruitful, worthwhile, constructive

professional experience? YES- X ._..NO

12. Other remarks:

"[ THANK YOU

,:':-:':-:-:-:... . . .. . . .. ...........i-': " -"'-".'--"-. - .'"" ..- ' - - . .- :. . .., .. ..-'..:
-"-:', -'- --,' -- ,' :,- ,' , ii . .'ii i,,i - * " -" -- * . .. . • -- *- - -- .. "-



1983-1984

AIR FORCE WEAPONS LABORATORY SCHOLAR PROGRAM
EVALUATION QJESTIONNAIRE

(TO BE COMPLETED BY PARrICIPANT)

Name Dr. CJcarles P. Luehr
Department (at home)_-

Home Institution -

Research Colleague: /Majcr ajymo-d L. Bell

Laboratory Division of Colleague: Ci-;w Enq;,eer;nJ Research b v; ;c, (AFL/ArED)
Brief Title of Research Topic: Local Coteptativ-(,7 Ales!, Refnemet avd

(l?4roccde J6a'cen'e.ts,

A. TECHNICAL ASPECTS

1. Was your research assignment within your field of competency and/or interest?

YESX NO

2. Did you have a reasonable choice of research assignment? YES X NO _

If no, why?

3. Was the work challenging? YES_.YN

If no, what would have made it so?

4. Would you classify your year activity as research? YES X NO .

Comment: Y •t 49-L /U -r x-t4 a. tr-

5. Were your relations with your research colleagues satisfactory from a

* technical point of view? YES_ NO .

If no, why?___

6. Suggestions tor improvement of relationship.

7. Were you afforded adequate facilities ani support? YES XNO

If no, wat did you need and wny was it not provided?

. **-~.* * * ~ ~ . * - . . . o



PARTICIPANT QUESTICNTAIRE (Page 2 of 4)

O 8. During this program calendar period of one year: Did you accoplish:

More than , less than. , about what you expected_.__?

9. Were you asked to present seminars on your work and/or your basic expertise?

YEsX NO
Please list dates, approximate attendance, length of seminars, and title of

presentations. 6 T- - 11K-'( 4v-A, - ." ,;rt, -"-L -,- "4'-(

10. Wre you asked to participate in regular neetings in your laboratory?

YES X NO
* If yes, approximately how often? e'-c ca'4

11. Did you L-erform travel on behalf of the laboratory? YES N0 .

Where to? , ,

.__Purpose?

12. Give a list of any "special" neetings you may have attended or participated

U I in, such as conferences, visiting lectures, etc. td 4- ( )c'" / P4/AAPTI

I I
13. Other comments concerning any "extra" activities. -

14. On a scale of A to D, how would you rate this program?

A (Ii) .......... D (1.4)
Technically challenging a B C D
Future research opportunity A j C D
Professional association A C D
Enhancement of my academic qualifications A C D
Enhancement of my research qualifications ( B C D
Overall value B C D



PARTICIPAkr QUESTIaVAIRE (Page 3 of 4)

B. ADMINIVi RATIVE ASPECTS

*... 1 H How did you first hear of this program? 6,,-- ,'- , ,

2. What aspect of the program was the most decisive in causing you to apply?

3. Considering the time of year tiat you were required to accept or reject the

offer, did this cause you any problems of connitment? YES NO X

How could it be improved?___

4. After your acceptance, was information (housing, location, directions, etc.)

supplied to you prior to the research period satisfactory? YES X NO

How could it be improved?_-

5. Did you have any difficulty in any domestic aspects (i.e., locate suitable

housing, acceptance in comunity, social life, any other "off-duty" aspects)?

YES NDX.
If yes, please explain.__-

6. How do you rate the stipend level? Meager Aequate Generous X .

7. would an expense-paid pre-program visit to the work site have been helpful?

Essential Convenient X Not worth expense_

Please add any other comwents you may have. . , . , ,t - w 1 (

Sid'

- .. *.** '.* . - . . .. . . . . - . *.--



PARTICIPANT QJESTIMNAIRE (Page 4 of 4)

8. Please suggest names of organizations, mailing lists, journals, or other in-

formation you think would be helpful in announcing this program. - a €c t

At -L.

9. Considering the many-faceted aspects of administration, how do you rate the

overall conduct of this program?

Excellent X Good Fair Poor

Please add any additional comments.

* 1n. Please comment on what, in your opinion, are:

a. Strong points of the program: tZ.t . /4~Jo/¢'C , " .,-'

I b. Weak points of the program: -

11. on balance, do you feel this has been a fruitful, worthwhile, constructive

• professional experience? YES XNO

S12. Other remarks:

T K

TRNK'V



1983-1984

AIR FORCE WEAPONS LABORATORY SCHOLAR PROGRAM
EVALUATION QJESTIONNAIRE

(TO BE COMPLE-TED BY PARTICIPANT'S RESEARCH CflLLEAGUE)

Name eh., c .• a Title ? .

Division/Group a- ', J D AF veapons Laboratory

Name of Participant IN~~ t~x-. lk n l-

A. TECHNICAL ASPECTS

1. Did you have personal knowledge of the AFWL Scholar's capabilities prior to

arrival at work site? YES If yes, where/how/what?

2. Was the AFWL Scholar prepared for his project? YES NO .

3. Please comment on his preparedness/competency/scope/depth of knowledge of sub-

ject area: 1. - ; - -(' a4ta 'e 5

4. Please comment on the Scholar's cooperativeness, diligency, interest, etc.

5. Did work performed by the AFWL Scholar contribute to the overall mission pro-

gram of your laboratory? YES NO If yes, how? 7r~ s&~ .

6. Would you classify the effort under the AFWL Scholar Program as research?

Comment:

...................................................... ... :"..........



COLLEAGUE QUESTIGNAIRE (Page 2 of 3)

7. Were your relations with the AFWL Scholar satisfactory from a technical point

of view? YES _NO .

Suggestions as to now they might be improved:

8. Do you think that by having this AFWL Scholar working with your group, others

in the group benefited and/or were stimulated by nis presence?

YES..,lN . Coments:

9. Do you feel that the introduction to each other, together with the Scholar's

work experience and performance could form a sound basis for continuation of

r effort by the Scholar at his resident institute? YES 1O .

- If yes, how?____

If no, wny not?

-: 10. One of the objectives of this program is to identify sources of basic research

.. -. capability and availability to the USAF. On a scale of A to D, how effective to

you tnink this program will be in that respect?

A (HIGH) .... D (LOW)

A B C D

11. Also, please evaluate the role of this program as:

A (HIGH) ........ D (LOW)

a) An opportunity to stimulate group activity A 1 D

-. b) A vehicle to improve professional interact' A B C D

c) A constructive, professional experience A(j C D



COLLEAGUE QUESTIMNAIRE (Page 3 of 3)

B. ADMI4IISTRATIVE ASPECTS

I. Ihen did you first hear of this program? I e .>

2. Were you involved in selecting, screening or prioritizing the faculty appli-

cants for your division? YES L// NO

If yes, do you have any suggestions for improvement of the procedures used?

3. Would an expense-paid pre-program visit to the work site be advisable?

Essential Convenient worth expense__

Please add any conents:

4. Please comment on the program length. Were you as a team able to accomplish:

More than , less than t-.<bout what you expected ?

* Couunkents:

5. Would you desire another AFWL Scholar to be assigned to you and/or your group A

. /division? YES NO

-:! If no, why not?

6. Overall, how would you rate the administration of the program?

A (HIGa) ..... D (LLV)
. A B C D .

',.. 7. Other remarks:____

THN Y.. . .2,

• - * -* ,J, i* l in ml l II d d ilill ll i nkim ....



6 1983-1984
AIR FORCE WEAPONS LABORATORY SCHOLAR PROGRAM

EVALUATION QUESTIONNAIRE
(TO E C0MPLETED BY PARTICIPANT)

* Name r-/ k 6 (~i

Department (at home) PA 1 s/C 'r 1 -)
Home Institution (jrc.j: 2F

- Research Colleague: r'. DPri Ori-u

' Laboratory Division of Colleague: 4,z Rc .fzrcr-,t Lt/ z , . ,

a Brief Title of Research Topic: Jv o (Fck .; 6'q e7 17c -rX ,7".J-r

A. TECHNICAL ASPECTS

1. Was your research assignment within your field of competency and/or interest?

YES .NO

2. Did you have a reasonable choice of research assignment? YES._2 NO .

If no, why?

3. Was the work challenging? YES k NO

i i f If no, what would have made it so?__

" 4. would you classify your year activity as research? YES NO

Conment:

5. Were your relations with your research colleagues satisfactory from a

technical point of view? YES NO

If no, why? t-y!;U 4vd eDe-Ie /2' ' I-x

6. Suggestions for improvement of relationship. A,OA,. 1/4// 4

Fy. mar Ofmt z * A"vti

'" 7. Were you afforded adequate facilities and support? YES XNO

If no, wbat did you need and why was it not provided?

'q



PARTICIPANT QJESTIONNAIRE (Page 2 of 4)

8. During this program calendar period of one year: Did you accomplish:

More than_ , less thanX , about what you expected. ?

9. Were you asked to present seminars on your work and/or your basic expertise?

YES_ WlO .
Please list dates, approximate attendance, length of seminars, and title of

presentations. ,-t v clcX .g" /5??4 /,o 7i1 , A T /,4f role, .--

10. Were you asked to participate in regular meetings in your laboratory?

YES NoN

If yes, approximately how often? /-,L . ,iq . /j\

11. Did you jerform travel on behalf of the-laboratory? YES No

Where to? /-Or'4 .,f, q.1 A(444o e{/kekX . ,p i
,1/?f P #r-ft& Cr Purpose? rc-'rn# g

12. Give a list of any "special" meetings you may have attended or participated

in, such as conferences, visiting lectures, etc.

13. Other oniments concerning any "extra" activities.

14. On a scale of A to D, how would you rate this program?

A (HIGH) .. ....D (LOW)
Technically challenging AC D
Future research opportunity D
Professional association B _
Enhancement of my academic qualifications A B D
Enhancement of my research qualifications B D
Overall value A C D

* * * * -*-- - ~ ~ -** *.-. .- :. :-.-. -°



*' PAMICIPANT QJESTIONNAIRE (Page 3 of 4)

I B. ADMINISIRATIWV ASPECTS

1. How did you first hear of this program?' Ad e ? .r ti ,r -,,, ?JJ 4 L/

2. What aspect of the program was the most decisive in causing you to apply?

e SCct, . t -.

3. Considering the time of year that you were required to accept or reject the

offer, did this cause you any problems of cammitment? YES

r[ How could it be inproved?_..... ....

4. After your acceptance, was information (housinq, location, directions, etc.)

supplied to you prior to the research period satisfactory? YES N .

How could it be improved? -

5. Did you have any difficulty in any domestic aspects (i.e., locate suitable
3 housing, acceptance in comumunity, social life, any other off-duty" aspects)?

YES NO

If yes, please explain._ _ _ _ _ _ _ _ _ _ _ _

6. How do you rate the stipend level? Meager___dequate X.Generous.

. 7. Would an expense-paid pre-program visit to the work site have been helpful?

EssentialXConvenient__Not worth expense_

Please add any other conments you may have. __....

- '-" ," ': '-." '' * .. . .-•- -•..• ..- .- • .-* ' -. . . . . . . . .



PARTICIPANT QUESTINAIRE (Page 4 of 4)

8. Please suggest names of organizations, mailing lists, journals, or other in- -

formation you think would be helpful in announcing this program. -

9. Considering the many-faceted aspects of administration, how do you rate the

overall corduct of this program?

Excellent Good VFair Poor

Please add any additional comments.

10. Please comment on what, in your opinion, are:

a. Strong points of the program: A Zr-oC te-rf rerf ct(\,~ J/

b. Weak points of the program: 71,e C r%. d, Y /Oq / d .

I._eLJ'VJ |.-ii •4/ . 't f 4T-'rdr c uo n I"? d

11. on balance, do you feel this has been a fruitful, worthwhile, constructive

professional experience? YES L JN . .

12. Other remarks:_ _ _ _ _ _ _ _ _ _ _ _ _

THAN Y-U



APPENDIX I

In this appendix we have listed some program statistics, a list of
the meetings scholars attended or had co-authored presented papers, and a
list of the participating scholars with some background information. The

* .three categories within this appendix are:

A. Program statistics

B. Technical meetings or conferences attended.

C. List of 1983-1984 AFWL Research Scholars

I'.
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A. PROGRAM STATISTICS

A. I Applications received -- 27

A.2 Number of scholars appointed t- 04

Highest Degrees Awarded:
Number holding doctorate degree 4
Number holding masters degree 0

A.3 Average age of participating scholars -- 38

A.4 The following four (4) technical disciplines were
represented by the 4 initial appointments.

Applied Mathematics
Chemistry
Physics
Physics & Astronomy

A.5 The four (4) universities from which scholars received their
graduate degrees are as follows:

University of Washington,
Seattle, Washington

New Mexico Institute of Mining & Technology
Socorro, New Mexico

University of California
Berkeley, California

Utah State University
Logan, Utah

A.6 The scholars were chosen from a variety of geographical locations.
The locations of their primary residences are:

Logan, Utah
Corvallis, Oregon
Webster, New York
Seattle, Washington

1.2
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B. Technical meetings or conferences attended and bibliography
of papers presented or published while in residence.

r" B.! Technical meetings: Attendees....1

. American Physical Society, San Antonio, Texas

S

C. List of 1983-1984 AtqL Research Scholars

L4AME/ADDRESS DEGREE/SPECIALTY

Dr. Paul T. Kolen Degree: Ph.D., Physics, 1983
Utah State University Specialty: Particle Bean Dynamics
Physics & Elec. Eng. Dept. and Guided Electromagnetic
U.M.C. 41 waves.
Logan, Utah 84322
(801) 750-2890

Dr. Charles P. Luehr Degree: Ph.D., Applied Mathematics,
Oregon State University 1962
Dept. of Mathematics Specialty: Boundary Value Problems of
Corvallis, Oregon 97331 Mathematical Physics.

_* (503) 754-4686

Dr. Fonald B. Standler Degree: Ph.D., Physics, 1977
* Rochester Inst. of Tech. Specialty: Atmospheric Electricity
S-.Electrical Engineering Dept.

one Lomb Memorial Drive
Rochester, New York 14623

• (716) 475-2411

Dr. Rodney L. Williamson Degree: Ph.D., Physical Chemistry,
University of Washington 1983.

- Chemistry Department BG-1O Specialty: Molecular Spectroscopy
Seattle, Washington 98195

- - (206) 543-2258

1.3
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APPENDIX II

1983-1984 AFWL Research Scholar Pinal Reports

In this appendix we have collectedi the statements of Goals and
objectives provuided by the scholars after their consultation with
Geophysics Laboratory technical personnel. A list of their research
report titles and a oanpilation of report abstracts are also included.

A. Goals and objectives
B. List of Research Reports
C. Abstracts of Research Reports.
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My interest in the AFWL Research Scholar Program is directed

toward the ongoing work in particle beam generation, acceleration,

and propagation. Also of interest to me is the current work being

done with free electron lasers. Most of my past experience has been

directed toward these aforementioned topics and it is my desire to continue

in this research field. I feel that my current research, which includes

relativistic kinematics and relativistic electromagnetic theory, would

be very useful in the context of particle beam dynamics. As shown

on the enclosed resume, I have an extensive programm-ing and electronics

background as it pertains to experimental research.

. . . . . . . . . . . . . . . . . . .
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VII. RECOMMENDATIONS

At this writing, all design work has been completed. The assembly

of the TREF has just begun with the first e- beam injection into the

vacuum tank scheduled for late November 1984. This is a critical test of

4V, the electron optics to determine the total beam divergence at the target.

If too much beam spreading occurs resulting in too low a current density,

an external longitudinal magnetic field, Bz, must be imposed. This will

require the addition of an external solenoid wound on the vacuum tank

proper or some other beam focusing arrangement. Once the necessity of

the beam focusing has been addressed, the TREF can be made operational

once the required software has been developed. Further improvements and

modifications to the facility will most probably be forthcoming once in

operation.

Two additional improvements to the TREF might be to introduce an

ambient plasma into the vacuum tank to better simulate the space environ-

ment and allow the e- gun to be pulsed and gated. The first could be

implemented by backfilling the tank with the proper gas mixture/pressure

combination and generate the plasma by RF discharge. The TREF has the

capability of supporting this plasma with no modification to the

structure. The e- gun can be gated by computer control via an infrared

detector/emitter through the plexiglas wall of the PIR. The IR detector

can control or pulse the voltage applied to the e- gun grid.

.. .......................... ' -.-..... v....'.-.
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* - monochrometer, 8.0, with no light loss.

The monochrometer used for this application is manufactured by

Photon Technology International Inc. model #01-001 quarter meter scanning

monochrometer. A nominal 1180 lines/mm grating is used yielding a first

order dispersion of 32A/mm. The grating is driven by a stepper motor

which in turn is controlled by the external computer via a RS-232 inter-

face. The monochrometer output is detected by one of two side-on

Hamamatsu Photomultiplier Tube (PMT). The total spectral response of the

two individual tubes, models #R106, and #R758, are such that the required

range of 18Onm to 100Onm is adequately covered. The spectral data

together with all other relevant data is formatted and stored for later

analysis by the integrated data acquisition system described in the

following section.

VI. DATA ACQUISITION SYSTEM

All data acquisition and instrument control is implemented through a

PSP/System 1 manufactured by the Transaic Corporation. This integrated

data acquisition system is comprised of an enhanced IBM PC, 25 slot CAMAC

instrument crate, CAMAC crate controller with dataway interface, and a PC

* .to CAMAC interface card plus driver software. The PC is enhanced with

dual double density floppy disks, an external 20 Mb system hard disk, and

640 Kb of system RAM. All data will be stored on the hard disk while the

experiment is in progress and later down loaded to the VAX 11/750 for

final analysis. The functions of the TREF will be initiated via

computer/CAMAC control to limit potential operator errors and allow

multiple users. Vacuum valves and vents are all pneumatically operated

and controlled by an AC actuator module within the CAMAC crate. The

remainder of the control and data I/O is routed through the appropriate

A/D and D/A CAMAC modules and interfaces to the active devices Via the

required interface.

. . , .,,. .- . ... . .. '. .'-,. . ',?..-..,.: ,,,,. ,,,....'......-......- ..... :,.. ..



the other end of the fibre to be focused onto the slits of the scanning

monochrometer for analysis. The utility of this optical arrangement is

apparent by the fact that the optical collected by the QF is now

restricted to a narrow acceptance cone centered on a selected viewing

angle. This restricted acceptance cone data allows an extrapolation to

operational detector geometries. The tolerances held in the alignment

and machining of FP define the size and error of the acceptance cone for

the optical system. The design diameter of the aperture in FP is given

as 2.00 mm +/- .05 mm which together with a 75 mm focal length for Li

translates to a half angle acceptance cone of .7640./- 4.8$ for normal

light onto Li.

The optics of figure 4 can be reconfigured into an imaging mode.

This differs from the detector mode by imaging the target emissions onto

the FP1 focal plane. This configuration maximizes the intensity of the

optical emission at the expense of increasing the acceptance cone to

1.790 +/- 2.0%. These calculations are based on an aperture diameter for

LI of 75 mm with an object distance of 1219 mm +- 2%.

The four viewing angles allowed within the vacuum chamber are at 1750,

600, 450, and 300 with respect to the target normal. Due to the proxi-

mity of the optics to the e- gun structure and tank end-flange at the 1750

position, the optical path must be folded 1800 by mirrors M1 and M2 as

seen on figure 4. These folding mirrors are not necessary at the other

viewing positions due to their positioning in external vacuum extensions

off the appropriate access flange.

Ultimately, the QF terminates in a two lens array which collamates

the emerging light from the QF with the first lens and refocuses the

light onto the entrance slits of the monochrometer with the second. This

lens arrangement matches the f-number of QF, 1.2, to that of the

.. ... ,.,- -,,,,., m h.....,.. ,um ia,,ml, ,il-abda'il~iid, l . . . . . . . . . . ..,.,... .-. •. .•.- .. .--. ,.-..-.. .. "..
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plus the coolant reservoir. The electrical/thermistor/cooling lines are

routed to the e gun via a SF6 pressurized duct connecting the PIR to the

nylon insert. Finally, the three power supply controls; on/off, filament

current, and grid voltage are routed out of the PIR with nylon rods

through pressure fittings in the plexiglas wall. These rods immediately

contact a ground strap outside the wall for operator protection.

V. OPTICS

The optical subsystem for the TREF was designed to have the capa-

bility of simulating a realistic detector scenario while at the same time

maintaining an ability to image within the confines of the actual experi-

mental geometry. This scheme was chosen to require only a relative

spectral calibration in lieu of an absolute calibration which is dif-

ficult to obtain even under the best of conditions. By operating the

optics in the detector mode, yielding maximum angular resolution, the

detector output can be scaled with respect to the specific parameters of

an actual detector system. This along with the expected environmental

effects can yield a reasonable estimate of the detectability of a poten-

tial spectral emission at a specific scattering angle. Configuring the

optical system in the imaging mode will allow the system to operate at

the highest sensitivity to study the target emissions without regard to

detectability.

Figure 4 shows a structural ray trace of the optics in the detector

mode. In this configuration the optics are arranged to function as a

telescope, i.e. focusing light with parallel incidence to Li from the

target. Light baffles Bl and B2 straddle the focal plane of the incident

parallel light, FP, to insure that all stray light other then that

focused on the FP1 plane is intercepted before arriving at L2. The light

is collimated by L2 and ultimately refocused by L3 onto a 1 mm diameter

quartz transmission optical fibre QF. Finally, the light emerges from
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gun be operated at a floated potential with respect to the tank ground.

This in turn requires that all filament and grid power supplies to the e"

gun be floated at the same potential. Power is coupled to these supplies

from the power grid via a 100 KV, 800 KVA isolation transformer. The

decision to float the gun at the accelerating potential intead of the

target was made to allow the target to be biased at any arbitrary poten-

tial or floated to simulate target charging effects. Also, by biasing

the gun instead of the target, emissions from secondary electron impact

back opto a biased target are avoided.

The e- gun filament supply is a voltage regulated 0-8v, 10 A DC

supply. It incorporates a LM317T variable voltage IC regulator with an

external current amplifier/limiter circuit to supply the required 8.2 A

for a beam current of 20ma while limiting the maximum current to 8.5 A as

recommended by the manufacturer. The grid supply is a 10% ripple, 20ma

capacitively filtered DC supply. These supplies are isolated from earth

ground via the isolation transformer and raised to the final accelerating

potential by the external 100 KV, 100m high voltage DC power supply manu-

factured by Hipotronics model #8100-100.

The e- gun is electrically floated within the vacuum tank by the

275mm nylon insert previously described. This nylon insert also thermally

isolates the e- gun from the tank requiring active thermal control and

monitoring. Water is used as the coolant which is recycled through a

electrically isolated reservoir. 'Figure 3 is the temperature monitor

circuit which senses the e- gun case temperature. A thermistor is mounted

onto the case and if the temperature exceeds 150 CO the filament current

is interrupted until the temperature drops below 140 CO.

For operator safety, a pressurized SF6 plexiglas isolation rack

(PIR) contains all electronics required to float at the e- gun potential

.............. , . -
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atmosphere and possibly degrade the e- gun filament by multiple exposures

to air. Once the target is changed, the STC is roughed down to 1 mTorr

prior to opening the gate valve and repositioning the target in the main

tank.

High vacuum of approximately 10-6 to 10-7 Torr is obtainable by the

use of a 200 mm cryo-pump in conjunction with the usual mechanical

roughing pump. The cryo-pump, manufactured by CTI-Cryogenics model type

Cryo-Torr8, was chosen to preclude the possibility of backstreaming oil

contamination common with oil diffusion pumps. Vacuum is monitored in

both the main tank and the STC by the usual thermocouple/ion gauge

combination.

As touched upon earlier, the main backscatter angle of interest is

1800 with respects to beam incidence. Due to the physical size of both

the e- gun insert and optical support structure, the best that can be

obtained is 1750. Along with the 1750 viewing angle, three additional

100 mm ports are provided to allow viewing at 300, 450, and 600 with

respects to the target normal. When not in use, these ports are blanked

off to reduce tank volume. The outgasing components of the targets can

be identified once the target is repositioned within the main tank. A

computer interfaced residual gas analyzer (RGA) manufactured by Dycor

Electronics Inc. model #MO0O is used for this application. The RGA has a

mass range of 1-100 amu.

IV. E-GUN POWER SUPPLY/ACCELERATOR SYSTEM

Figure 2 is a schematic of the e- gun power supply/accelerator

system. The e- gun is a commercial flood type gun manufactured by

Kimball Physics Inc. Model #EGG-3A. It has a nominal beam current rating

of 20 ma with a peak current of 80 ma. Internally, the gun is capable of

holding off up to 5 KV accelerating potential with a grounded case. For

this application, the accelerating potential of 100 KV requires that the

mkmm ............................-
.....
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*L3) Before and during the electron bombardment, the outgasing and

boil-off constituents will be analyzed by a residual gas ana-

lyzer (RGA). The RGA will make multiple scans over the range of

1-100 amu at preselected times to obtain the time history of the

outgasing elements.

(4) During electron bombardment, the monochrometer will record the

time history of preselected lines or will scan the optical

band. The optical signal can be observed at 1750, 600, 450,

and 300 with respect to the target normal. Also, the

polarization of the emission will be observed by a motor

driven polarizer.

All the relevant data from each target will be stored on hard disk

via the computer controller for later analysis.

III. VACUUM TANK

Figure 1 is a scale drawing of the TREF vacuum tank. The interior

dimensions of the tank are 1524 mm long by 762 mm in diameter. These

dimensions were chosen as a compromise between tank volume and the desire

to collect optical data as close to 1800 from beam incidence as possible.

The e- gun is electrically isolated from the tank ground potential via a

275 mm nylon insert on the e- gun end-flange. This insert extends the

working end of the e- gun 300 mm into the tank yielding a net gun to
S

target distance of 1224 mm. The e- gun power supply connections and

cooling lines, also isolated from ground potential, are routed to the gun

through this same insert.

The target, with a maximum diameter of 100 mm, is introduced into

the vacuum tank by a synchronized vacuum gate valve/pneumatic operated

plunger. When the gate valve is closed, the plunger is retracted into a

small target chamber (STC). The STC allows targets to be changed out and

reintroduced into the beamline without having to vent the main chamber to

-°'. . . . . . .. ..+o' . + . ., *.-.-. .. .- . . .-. . .. .*. '- + . ..:... ..--



* "II. OBJECTIVES:

The project described in the rest of this report will deal with the

design, construction, and operation of an experimental facility designed

. to study the optical emissions between 180 nm to 1000 nm generated by the

interaction between a 50-100 KeV e- beam and a potential target in a near
S

earth vacuum environment. This spectral range was chosen so that conven-

tional optical techniques and elements could be used.

In order to identify potentially useful optical emissions as target

signatures, the temporal, polarization, and angular amplitude dependence

of the optical emissions must be understood. Coupled with the quantum

efficiency of the emissions, these aforementioned amplitude variables

will determine whether or not the emission will be detectable by the par-

ticular detector at the appropriate distance and direction from the

* target. Of equal importance will be the determination of the source of

the emission, i.e. generated by the interaction of the beam with the

outgassing materials, oxide layer, or with the solid surface itself.

This information will help determine if the emission can be artificially

suppressed or generated as a countermeasure.

In order to quantitively answer these questions, a facility will be

designed as to implement the following procedures:

(1) Each sample will be introduced into the TREF vacuum chamber from

atmosphere as quickly as possible.

(2) Upon introduction into the vacuum chamber, the target will be

* subjected to electron bombardment of the appropriate current and

energy.

I-
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Unfortunately, most of these data are not applicable to the thick targets

of interest. This is mainly due to the great care taken by the various

experimenters to clean and prepare the target surface prior to electron

bombardment. This, of course, makes sense in the context of a basic

physics experiment to eliminate as many of the surface species con-

taminants as possible as to not complicate the spectra.

It has been shown5 that even a monoatomic layer of oxide on the sur-

face of a metal target and its surface roughness greatly affects the

interaction mechanisms and the corresponding spectral output. Because of

this strong spectral dependence on surface conditions, it is necessary to

study target materials that have undergone similar surface "conditioning"

;-4
as that of the actual target. This conditioning is easily accomplished

by simply storing the material in the same environment as the real target

for the appropriate length of time such that the material is in dynamic

equilibrium with respect to such processes as gas absorption, oxidation,

and other surface contamination effects. By the same reasoning, the

target must be studied under such conditions to insure that processes

as outgasing and surface boil-off, which are greatly affected by the -

ambient environment, are realistically simulated.

In order to study the spectral emissions of the e- beam/surface

interaction, it is necessary to be able to observe and record these

emissions as a function of time, polarization, wavelength, relative

intensity, and angular distribution. This is accomplished by a com-

bination of light gathering optical elements and an optical fibre coupled

to a quarter meter scanning monochrometer. The subsystems of the Target

Return Experiment Facility (TREF) will be discussed individually in the

following sections.

.................................
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I. INTRODUCTION:

The main focus of this research is directed towards neutral atomic

Ubeam/target phenomenology, in particular, the problem of determining
target status through stimulated surface emissions.

The most likely candidate1 for the neutral beam is neutral hydrogen (HO).

The interaction of the HO beam with a potential target can be broken down

into two subsets, namely, volume interactions of the high kinetic energy

protons (H+ ) within the target and surface interactions of the co-moving

50-100 KeV electrons (e-). There is no significant volume interaction

associated with the electrons due to their being stripped from the HO

within the first few atomic layers of the target because of atomic colli-

sion creating a H+ within the target.

Due to the difficulty in obtaining a 200 MeV HO beam, no accelerator

facility is currently set up with a dedicated beamline, the study will

U commence by using a 200 Mev H+ beam to investigate the volume interac-

tions and a separate 100 Key e- beam for the surface phenomena. As a

first cut, the superposition of the effects seen in the separate beam

i I interactions is a good approximation to what might be expected from the

HO , albeit not exact. Potentially, certain processes inherent to charged

- .particles, i.e. transition radiation, may be present that would be

suppressed by the neutral HO and vice versa. It is hoped that these spe-

cific mechanisms can be identified and accounted for in order to obtain a

. - more realistic representation of the HO through the H+ and e- results.

Ultimately, these composite results will be compared to an HO beam when

*it becomes available at Brookhaven National Laboratory in late FY 85.

* "There exists a large body of data detailing the emissions of

electron surface interactions 2, 3, 4., the open literature.
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INTRACAVITY ABSORPTION AND GAIN DETECTION

by

Dr. Rodney L. Williamson

ABSTRACT

An intracavity gain detection apparatus was set up and
tested on optically pumped systems. Both pulsed and CH gain
was detected on various transitions of 12 and IF. From the

data collected on these two systems the apparatus is shown
to be capable of detecting net gains as small as 0.0001.

Efforts were Made to detect gain on chemically pumped 12 and
IF using this technique. The pumping agent was 02(141. The

22preliminary results indicate that sufficient B-state 12 is ~

produced in the flow, prior to dissociation to I and I*, to
give rise to measurable gain. The results on chemically -

pumped IF indicated insufficient number density due to the
slowness of the 12 plus F reaction. Suggestions for further

study are made.

.................................... ....... . ...



Transient Protection of Electronic Circuits

by

Ronald B. Standler

ABSTRACT

Electromagnetic pulses from nuclear weapons, lighting, and electrostatic

.discharge are three sources of electrical overstress. Such overstress can

cause failure, permanent degradation, or temporary malfunction (upset) of

a electronic devices and systems. This problem and general solutions are

briefly reviewed. Non-linear components and circuits for protection from

" electrical overstress are then discussed in detail. This work emphasizes

spark gaps, metal oxide varistors, and avalanche diodes. However, other

components, such as semiconductor diodes, thyristors, resistors, inductors,

and optoisolators are also discussed. Applications of these non-linear

components are discussed in the context of signal lines, AC power lines, and

DC power supplies. The final chapter discusses specific upset protection

circuits.
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LOCAL MESH REFINEMENT AND

OTHER METHODS FOR HYDROCODES

by

Charles P. Luehr

ABSTRACT

To develop improvements for finite difference hydrocodes, three matters

were pursued. An algorithm and a Fortran code were developed for generating a

locally refined computational mesh satisfying many specifications and having

an arbitrary number of fine mesh zones. A short method to calculate the

center of mass of the fluid part of a two dimensional partial island cell was

formulated and coded. The conserved moment quantity was briefly investigated

for possible applications in the design of finite difference methods for fluid

dynamics that conserve this quantity.

'"Nib"
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DESIGN OF A 100KV ELECTRON BOMBARDMENT

FACILITY FOR SURFACE OPTICAL EMISSION STUDIES

by

Paul Ted Kolen

ABSTRACT

An experimental facility for the study of surface emissions

generated by 100KV electrons impacting upon surfaces is described. The

utility of these stimulated surface emissions is described within the

context of their detectability at great distances once generated by an

incident neutral beam of the appropriate energy and current density.

The individual subsystems of the Target Return Experiment Facility

(TREF) are described in detail with a discussion of the physical

* . contraints driving the design. Detailed or block diagrams of the sub-

systems, where appropriate, are included. Finally, suggestions for

improvements and modifications of the design once operational are

offered.
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PROPOSED RESEARCH AT AEWL BY lodney L. Williamson

It is the objective of this research effort bo develcp a sensitive optical
gain measurement technique bo be used on candidate visible laser systems.
There are several systems that are currently under investigation, including
the interhalogens such as IF.

Both intracavity dye laser enhancement and photon lifetime measurement
techniques will be considered. The first method involves introducing the
medium on which the gain measurement is to be made into the cavity of a CW
dye laser. Because the dye laser is ultrasensitive to intracavity gains, if
these are present the laser output will "lock* onto the chemically inverted
medium at the fluorescence wavelength. This provides the basis of a very
sensitive technique to measure small gains in various laser media. One of
the advantages of this technique is that the output frequency of the dye
laser does not have to perfectly match the fluorescence transition frequency
of the foreign medium. This is important since for existing extracavity
techniques the pump source frequency must exactly match the frequency of the
transition for which the gain measurement is being made.

The second method is an extracavity method. It involves measuring the
legnth of time which an optical cavity will sustain oscillation, i.e., the
photon lifetime. If the absolute loss characteristics of this cavity are
known, then the only other parameter which determines the photon lifetime of
the cavity is the gain of the medium it contains. Thus, by measuring the
photon lifetime the gain may be uniquely determined. A convenient method
for making this measurement is the cavity phase shift method. This method
relies on the fact that a photon entering the cavity will be delayed a cer-
tain period of time before it exits through the output coupler. Thus, the
output of this cavity due to an amplitude modulated input beam will suffer
a phase shift which is proportional to the photon lifetime of the cavity.
This phase shift may be measured using conventional techniques.

..............................-.--....-..-.-.- ... .



PROPOSED RESEARCH AT AMWL BY R. STANDLER

My time will be spent on the following tasks that are related to lightning.

Electrical breakdown of soil is relevant to the study of EMP propagation and

effects on missile silos and other underground structures.
U-

Suspending a wire from a balloon line to a rocket to the ground and firing a

wire-trailing rocket backwards fran a F106.

Consider various ways to trigger lightning and develop some experiments which

could be conducted at Langmuir Laboratory in 1984.

Consider various ways to photograph lightning and determine the current from

* the density of the negative.

I"-
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*l PK)POSED RESEARCH AT AFWL BY CIARLES P. UJEHR

1. To participate in scoe researd tasks of interest to AFWL.

. 2. 1b act as a mathematics consultant for any scientists ard engineers at AFWL

who would like assistance an mathematical problems in their research.

3. Extended Twistor Spaces. Twistor space, a generalization of the

Dirac spinor space, serves as a representation space for the conformal

group, analogously to the way the Dirac spinor space is a representation

space for the Lorentz group. Dirac spinors have significant applications

in theories with invariance under the Lorentz group such as relativistic

quantum mechanics. Likewise, twistors have applications in theories with

invariance under the conformal group and the Poincare subgroup. One of

these applications is in the formulation of a gauge action principle of

gravitation based on a true spinorial type of variational principle

4. Extended twistor oaces are generalizations of twistor space. The

simplest one of these is a representation space for the super-conformal

group and the super-Poincare group, which play a central role in the

supergravity theories at the frontier of present day research in general

*" relativity theory. It is proposed that the appropriate extended spaces

together with their structure be explicitely defined by means of axioms,

that the properties of these spaces be investigated, and that applications

of thdse spaces be made in the formulation of supergravity theories.

......................
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I. INTRODUCTION

Various finite difference numerical techniques are used in computational

fluid dynamics to solve the equations of fluid flow. However, there is no

general method that performs satisfactorily for all problems because of the

diverse and complex features possible in fluid flow. For the best perfor-

mance on a given type of problem, a technique must be specially designed to

handle the particular features of that type of problem.

One kind of problem is the computational modelling of the flow resulting

from a nuclear explosion in the atmosphere. Of particular interest is the

motion of the shock wave as it propagates away from the point of burst and

interacts with the earth's surface and solid structures on the earth. The

discontinuity in the flow variables at the shock front gives rise to dif-

ficulties in the computational simulation of such problems.

Finite difference techniques are better suited for smooth flow problems

due to the need to represent the state of the fluid on a discrete arrange-

ment of cells comprising the computational mesh. When steep gradients or

discontinuities occur, the computational simulation of the flow problem

will be less accurate. A calculated shock front will be spread out over a

distance of a few cell sizes.

In many cases, a fine enough computational mesh to reduce the spreading

of shock waves will give reasonable accuracy in the calculation of such

problems. A calculated shock front will then be spread out into a layer

of small thickness over which the flow variables make a rapid change in

their values.

.. . . . . . .. . . . .
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As the fineness of the mesh is increased to increase the accuracy of the

calculation, the computer time needed for the calculation is also increased.

*Thus, this approach leads to a trade-off between the accuracy and the speed of

-- the calculation. However, one can attempt to gain both advantages by another

approach, the employment of a locally refined mesh. This kind of mesh is made

P J finer in the vicinity of shock fronts and other regions needing higher accuracy

in the calculation, and is made coarser everywhere else. As the shock wave

moves, its location is detected by numerical tests, and the mesh is occasion-

ally rezoned as needed in order to always place a fine mesh in the vicinity of

the shock.

The local mesh refinement method has been found to be very useful. This

report describes a computer subroutine that sets up a locally refined mesh of

a very general form having an arbitrary number of fine mesh zones.

Another important question is how to incorporate the boundary conditions

into the differencing method. Reflective boundary conditions come from the

• "presence of the surface of the earth and solid structures on the earth. The
U

-... partial island method accounts for these boundary conditions. Partial island

cells are equivalent fluid cells in the computational mesh, and they are

*located along the solid boundaries of the flow region. The flow variables in

a partial island cell are chosen to produce the same effect on the fluid flow

as the effect of the reflective boundary condition. This report describes a

subroutine that calculates the center of mass of the fluid part of a two

dimensional partial island cell. This calculation is a small part of a pro-

cedure used in the partial island method.

r
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Another question concerns conserved quantities. Most differencing schemes

for fluid dynamics are designed to conserve mass, momentum, and energy. Another

quantity, the conserved moment quantity, might not be conserved by the dif-

ferencing scheme. This report briefly considers this quantity in differencing

schemes and suggests that schemes designed to also include the conservation of

this quantity might improve the accuracy of the calculated flow.

0
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II. OBJECTIVES

The research objective was generally stated as the development of various

methods to help in the calculation and display of computer solutions of the

equations of fluid dynamics. Under this objective, the main item to be pursued

was to develop improvements in numerical methods in order to increase the

accuracy and speed of calculation. Most of the effort went toward this main

item.

Two other items, included in the plans in the event that time permitted,

were not followed up. These were to study possible applications of differential

geometry to fluid mechanics, and to design ways of graphically displaying the

results of computer calculations.

The primary contributions to the research objective consisted of the

completion of two specific computer programming tasks and a brief theoretical

investigation.

The first task was to develop a subroutine in Fortran that sets up a

U locally refined finite difference mesh satisfying a certain set of requirements.

This subroutine can be called by a hydrocode in order to rezone the mesh

*whenever needed in order to have fine mesh regions placed wherever greater

accuracy is wanted, such as the vicinity of shock fronts. The subroutine

rezones in one coordinate, and it can be called once for each coordinate when-

ever the mesh is to be rezoned.

The second task was to develop a short subroutine in Fortran that computes

the center of mass of the fluid part of a two dimensional partial island cell.

The third task was a brief investigation of the conserved moment quantity

in finite difference schemes.



III. LOCAL MESH REFINEMENT PROBLEM

This problem was to develop a Fortran subroutine that sets up a finite

difference mesh al - x(O) < x(1) < x(2) < ... < x(imx) bpl on an interval

(al, bpl) in one coordinate x such that a certain set of requirements on the

mesh are satisfied. The first requirement is that the mesh be finer in the

vicinity of each of some selected points xf(i) for i-1,2,..., nfs, where

xf(i) < xf(i+l). This requirement and most of the other requirements con-

cern the cells of the mesh and their sizes, where the i th cell is the

interval (x(i-l), x(i)) and the cell size of the i th cell is dx(i) x(i)-

x(i-1) for i-1,2,..., imx. Finer mesh means smaller cell sizes.

The requirements on the mesh are as follows:

Requirement 1. The following are all prescribed in advance: (a) the

total number imx of cells, (b) the endpoints al - x(O) and bpl - x(imx) of the

mesh, (c) the lower limit dxmn for the smallest cell size in the mesh, (d)

the maximum allowable ratio rajmx - 1.1 of adjacent cell sizes with the

larger divided by the smaller, (e) the upper limit 1.21*dxmn for the smallest

cell size in the mesh.

Requirement 2. The interval (al,bpl) is divided up into fine mesh

regions and coarse mesh regions, with the fine mesh regions located such

that all the points xf(i) are contained in the fine mesh regions. The

number of fine mesh regions and their sizes are no greater than needed to

include these points and also to satisfy the next requirement. The

remaining parts of the interval (al, bpl) are covered by coarse mesh

regions.

W. .



Requirement 3. All fine mesh regions have the same constant fine mesh

* cell size dxf, where dxf is to be determined during the calculation and must

satisfy the inequality dxmn < dxf < 1.21*dxmn. Each point xf(i) is in a

*i fine mesh region with at least 2.5 fine mesh cells between the point and the

*. nearest coarse mesh region.

Requirement 4. Cell sizes in the coarse mesh regions depend on two

parameters raj and rexp. The parameter raj, the ratio of adjacent coarse

mesh cell sizes, is determined during the calculation. It is the same for

all coarse mesh regions, and the inequality 1.0 < raj < 1.1 must be

satisfied. The parkmeter rexp, the ratio of the smallest cell size in a

* coarse mesh region to the fine mesh cell size dxf, is determined during the

calculation. It may be different for different coarse mesh regions, and

must satisfy the inequality 1.0 < rexp ( raj.

Requirement 5. There are three kinds of coarse mesh regions. There is

a coarse mesh left region at the left end of the interval (al, bpl) if there

is enough room for it. There is a coarse mesh right region at the right end

of the interval if there is enough room for it. There is a coarse mesh

middle region between each pair of adjacent points xf(i) and xf(i+l) if

there is enough room for it. These three kinds of coarse mesh regions have

the following properties: (a) In a coarse mesh left region, the cell sizes

are decreasing from left to right by the constant ratio raj between adjacent

cells. The last cell (at the right end) has the size rexp*dxf, where rexp

is determined during the calculation. (b) In a coarse mesh right region,

the cell sizes are increasing from left to right by the ratio raj between

adjacent cells. The first cell (at the left end) has the size rexp*dxf,

.. - ': . * * * - .*.. -. * .. . - -. -



where rexp is determined during the calculation. (c) In a coarse mesh

middle region, the cell sizes are increasing from left to right by the ratio

raj between adjacent cells in the left half of the region, and are

decreasing by the ratio raj in the right half of the region. The first and

last cells (at the left and right ends) have the same size rexp*dxf where

rexp is determined during the calculation.

Requirement 6. The ratio raj of adjacent coarse mesh cell sizes is to

be as large as possible, consistent with all the other requirements. The

fine mesh cell size dxf is to be made as small as possible, consistent with

all the other requirements.

Requirement 7. The subroutine is to use information from an input mesh

xl(i) for i - 0,1,2,..., imx to determine the interval (al, bpl) and dxmn.

The endpoints of this interval are taken to be al - xl(O) and bpl - xl(imx).

The minimum cell size dxlmn of the input mesh is determined, and dxmn -

dxlmn/1.1 is taken to be the value for the minimum allowable cell size.

In the original statement of the problem, the ratio raj was allowed to

be different for different coarse mesh regions. However, the algorithm

which was found gave the same value for raj in all coarse mesh regions.

This property of the values for raj is included in the present statement of

the problem as an extra requirement.



IV. ALGORITHM FOR LOCAL MESH REFINEMENT

Two approaches in the search for an algorithm will now be considered.

The first approach is the most straightforward, but was abandoned because of

many difficulties. However, a brief discussion of it is useful in order to

reveal the complex nature of the problem. The second approach depends on an

idea that simplified the search.

1. FIRST APPROACH TO AN ALGORITHM

In the first approach, let us look for an algorithm consisting of the

following sequence of steps. Each step is the placement of one cell into the

interval (al, bpl) such that the cell does not overlap with cells previously

placed into the interval. After the last step, the interval should be com-

pletely filled with cells lying end to end, forming a mesh that satisfies all

Krequirements. One might try a scheme in which each cell is placed adjacent to
. the previous cell to be placed, starting at the left end of the interval and

finishing up at the right end. Or, one might try other schemes in which a

i cell is not always placed adjacent to the previous cell to be placed, but

placed in some other unfilled part of the interval.

* 'With each step of the process comes two decisions: where to place the

* cell and what size to make the cell. But how to make these two decisions in

each step is a very difficult question. For each decision, one needs to

look ahead to the result obtained from that decision and all other decisions
0

in order to be sure that the requirements on the mesh will be satisfied.

• :The various combinations of choices lead to a multitude of avenues to be

searched in order to find a combination that works. Also, in the process, a

reasonable choice for dxf and raj must be made.

* . .- * . . ..o . . . .*



Two of the most persistent difficulties that appear here and also in the

second approach are the following. The first one is that the number of cells

obtained in the resulting mesh is not likely to be exactly the required number

imx. The second one is that one or more unfilled gaps are almost certain to be

left inside the interval. A gap might have a size incompatible with the size of

an adjacent cell such that the gap cannot be made into a cell without violating

the requirements on the ratio of adjacent cell sizes.

Due to these and other difficulties and the need to look ahead before each

decision it becomes evident that an iterative process may be needed. One might

select trial values for dxf and raj, followed by some process of arranging cells

into a mesh that satisfies as many of the requirements as possible. Then this

process is repeated over and over with new values for dxf and raj selected each

time in an attempt to improve on the results obtained from the previous selec-

tion. Finally it would be hoped that after a number of iterations of the pro-

cess, a mesh satisfying all the requirements will be obtained.

But the details for the iterative procedure is still very elusive at this

point of the investigation. However, the complex nature of the problem has

been revealed. What is needed is some device that simplifies the search for

an algorithm.

2. SECOND APPROACH TO AN ALGORITHM

A simplifying device was found, and is the basis for the second approach

in the search for an algorithm. Note that in the first approach, the basic

object with which one was dealing was the cell. The device is to deal with

another kind of basic object, which will be called a segment. Segments are

made up of cells in convenient arrangements satisfying simple requirements.

... 7



When segments are put together to fill the interval (al, bpl), the result is

Ir also an arrangement of cells forming a mesh on the interval.

The requirements on the arrangement of cells in any segment is simple

enough so that an algorithm is easily found to construct a segment. Each

segment constructed will occupy a subinterval of the original interval. A

segment will be specified by giving a tentative subinterval (a, bp), but the

resulting segment (a, b) will often not occupy the entire tentative subin-

terval due to an unavoidable gap (b, bp) at the right end, which cannot be

included without violating the requirments on the arrangement of cells in a

segment.

-. iFuthermore, the problem of arranging segments in the original interval

(al, bpl) is simpler than the problem of arranging individual cells in the

3 original interval. Thus we have two basic steps: arranging cells to form

segments, and arranging segments to fill the original interval (al,bpl).

However, there will still be the problem of getting the wrong number of

*- . cells in the mesh and the persistent occurrence of a gap. But these problems

"* ." can be solved. To get the right number of cells, an iterative procedure is

S"used. To solve the problem of a gap, the procedure is designed so that the gap

will appear at the right end of the original interval. Furthermore, the result

of the iterative procedure will be an arrangement of cells such that the mesh

will still satisfy all the requirements even if all cells have to be expanded

slightly by the same factor in order to close the gap to fill the entire

interval.

Details of the algorithm is given in the self documentation with comment

statements contained in the source code listings in Appendix A.



The code consists of Subroutine MESH to carry out the main procedures,

and a collection of other subroutines to do various subtasks. Subroutine

SEGS arranges segments together in the original interval (al, bpl) to fill a

subinterval (al, bl), usually leaving a gap (bl, bpl). With trial values

for dxf and raj, Subroutine MESH repeatedly calls Subroutine SEGS, changing

the value for dxf or raj each time until the right number imx of cells for a

mesh is obtained. It then eliminates the gap, if any, by expanding all

cells by a factor. Subroutine SEGS calls on Subroutines LRSEG, MSEG, FSEG

and related subroutines, which arrange cells into segments of various kinds.

Details of the purpose and method of Subroutines MESH and SEGS, and all the

other subroutines are given in the self documented source code listings in

Appendix A.

An important question about the performance of the code concerns Step 5

(Iteration for raj) and Step 6 of the Method for Subroutine MESH given in the

listing. Under normal conditions, does there exist cases for which the number

ncl of cells takes on values in the loop both higher and lower than imx, but

never Imx exactly no matter how many times the loop in Step 5 is gone through?

If this can happen, then the code would fail to get ncl exactly equal to imx,

and an error return would be made when nt exceeds ntmx. Thus, although a mesh

satisfying all the conditions would exist, the code would fail to find it.

Consider the possibility that there is a value for raj which gives

ncl - imi-I but the next change in ncl is 2 regardless of how small the decre-

ments in raj are made to be, i.e., there is a slightly lower value for raj

where ncl makes a jump of 2 from ncl - 1i-I to ncl - imx+l all at once as raj

decreases. If this possibility exists, then the loop would be repeated until

nt exceeds ntmx.

. . . . .-
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A possible mechanism by which ncl might jump by 2 instead of I is related

to the fact that in coarse mesh middle and right segments, a small change in

raj can in some cases produce a sudden jump in the positions of cell bound-

aries in that segment and in all segments to its right. Since the effect of

a jump originating in a middle segment can be propagated to all other segments

on its right, the jump might trigger another jump in another middle or right

segment on its right. The combined effect of the two or more simultaneous

jumps might possibly produce a large enough change in the arrangement of

cells to make ncl jump by 2 instead of 1.

To limit the effect of a jump originating in a middle segment, the extra

term -(bp-b) has been put in the expression for bp for a middle segment on

line 25 in the listing for Subroutine SEGS. This term should prevent the pro-

pagation of the effect of a jump beyond the middle segment in which it origi-

nates.

It has not been proved for sure that this problem of jumps by 2 in ncl

really exists. If it does, then the term -(bp-b) should eliminate it, or at

least greatly reduce the probability of it occurrence. A careful and complete

analysis of this problem of jumps in the mesh ("meshquakes") has not been

made.

An example of the speed of calculation for subroutine MESH on the CRAY 1

computer is given by several problems with imx 50 and nfs - 2, all of which
0

ran in about 1/2 millisecond.
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V. PARTIAL ISLAND CENTER OF MASS CALCULATION

This problem was to develop a short Fortran subroutine that computes the

center of mass of the fluid part of a two dimensional partial island cell.

A partial island cell is a square which is divided by a straight line into

two nontrivial parts. One part is the island part. The other part is the

fluid part, representing a fluid of constant density. The results can also

be made applicable for a rectangular partial island cell, by using cartesian

coordinates parallel to the sides with separate systems of units normalized

to make the height and base equal to one in the corresponding units.

* The partial island cell is defined in terms of four cell descriptors,

one for each side of the square. The descriptors indicate the part of the

boundary of the square that boarders on the fluid part and the part that

boarders on the island part of the cell.

The method of calculation has been simplified and shortened by using the

observation that the fluid part is a 3, 4, or 5 sided polygon which can be

obtained by removing a right triangle from a rectangle. In some cases the

triangle can be a trivial triangle with two of its vertices coinciding. The

area and center of mass of the triangle and rectangle are calculated, and used

in the calculation of the center of mass of the polygonal fluid part of the

cell.

A challenging subtask was to find a short procedure for making use of

the cell descriptors to determine the location of all the corners of the

* .°triangle and two opposite corners of the rectangle Lo be used in the calcula-

• tion.
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* A detailed description of the problem and the method of calculation is

- given in the self-documentation with commient statements contained in the

* source code listing in Appendix B for the Subroutine C(ASS, which carries

* . out this calculation.



VI. THE CONSERVED MOMENT QUANTITY

To introduce the quantity to be investigated, consider a system con-

sisting of one particle of mass m in motion in 3 dimensional space. Let

r(t) and u(t) be the position vector and velocity respectively of the par-
4.

ticle at time t. Define the moment quantity M(t) for the particle as

M m[r - (t-t.)u] (1)

-.

where t. is an arbitrary constant. The first term mr is the mass moment
-.

about the origin, and the second term is -(t-t.) times the momentum mu.

In the case of a free particle, u is constant, and it follows that

dH(t)/dt - 0 (2)

Thus M is a constant of motion for one free particle.

For a system of n particles in 3 dimensional space, the moment quantity

Mi(t) of particle number i 1,.

Mi  mil 4 - (t-to)ui], (3)

and the total moment quantity for the system is

M - XijH M Eimi[ri - (t-t.)ui], (4)

where mi, ri(t), and ui(t) are the mass, position vector, and velocity

respectively of the i th particle for i - 1,2,...,n. Assume that there are

no external forces on the particles, and that the particles interact among

themselves by conservative forces. Then the total momentum is constant,

i .e ., ) di-e. d( rimiui)/dt '

and it follows that dM(t)/dt - (5)
•Mt)d 0 (5) .



Thus M(t) is a constant of motion for this system.

For fluid mechanics, the total moment quantity M(t) is an integral

over space,

S- - fp[r - (t-to)u]dV. (6)

The part fprdV is the total mass moment about the origin, and the remaining
U

part is -(t-t,) times the total momentum fpudV. In the special case of one

* -dimensional flow in a tube of unit cross sectional area, the total moment

quantity M(t) is

M - fo[x - (t-t.)u]dx (7)

where the integral is from -06to +01.

1. BASIC EQUATIONS IN ONE DIMENSION

An example of an application of the moment quantity to finite

difference schemes in fluid dynamics will be presented here. In the case

considered, it will be a conserved quantity. For simplicity, select a one

dimensional case governed by the following three differential equations in

I •flux divergent form, expressing the conservation of mass, momentum and

energy respectively:

ap / t + a (pu)ax- 0 (8a)

+ (pu)/at + a(pu 2 + P)/ax l 0 (8b)

3(PE)/at + a[(pE + P)u/ax - 0 (8c)

* . -. S** * * *-1* * * . 5 '*... *



with P given by the equation of state

P = p(P,I) (9)

where

x - position (cm)

t - time (see)

p(x,t) - fluid density (g/cm
3 )

u(xt) - fluid velocity (cm/sec)

E(x,t) - total specific energy (ergs/g)

I(x,t) - internal specific energy (ergs/g)

P(x,t) - hydrostatic pressure (dyn/cm2 )

and

E -I + /u 2 . (10)

Define the specific moment quantity .(x,t) as

'. - U - x - ( t - t ) u ( l

where t. is an arbitrary constant. From Equations (8a-b) and (11), the

following differential equation foru is easily derived:

3(pO/at + 9[pup - (t-to)Pj lax 0 (12)

Equation (12), together with Equations (8), (9), and (10), can be used for

deriving a finite difference scheme that conserves the moment quantity as

well as the mass, momentum, and energy. It turns out, however, that the mass

i i .- - . - -. ..... ... ......... .,.:. ... ...... ?..: ,... .. . .. ..-..-.. . ... . .,.. .. ...



- moment, a non conserved quantity, can be used in place of the moment quantity

* to derive the same results except for an extra term of second order in the

time step At. Define the specific mass moment X(x,t) - X(x) as

A - x. (13)

From equations (8a-b) and (13), the following differential equation for X

is easily derived:

a(QA)/at + a(PuA)/ax - u 0 (14)

2. APPLICATION TO A FINITE DIFFERENCE SCHEME

To express the differential equations in finite difference form, a com-

- putational mesh is used with the x, t coordinates divided into intervals

A xj and time steps Atn respectively. The i th cell has its left and right

endpoints ai and bi respectively given as

" i-I

ai- X x + - Ax
!k-l k

i
bi - xi+t 2 " x. + Z Axk - ai + Axi.

k-i

Time values t - tn for the mesh are

~n

tn to + k

where Atk - At for all k in the case where all the time steps Atk are taken to

be equal. For each hydrovariable f(x,t), where f is p, u, I, E or P,

denote the values at x - xi.l,&, x - xi+l2, t - t, and t - tn as



fi -t f~xi+lt2,t)

f V2- f(x.it,tfl)

fn 1+14 - fx+,t)

At an arbitrary time t for cell number i, define

total mass in i th cell:

bj
- fa p dx (15a)

aj

total momentum in i th cell:

bj
pi f pu dx (15b)

aj

total energy in ith cell:

bj

Q, napd (15c)

total mass moment in i th cell:

bi
Li -f pxdx (15d)

total moment quantity in i th cell

M1  f bidx (15e)
a1

n
At time t -tn these quantities are denoted with a superscript n, i.e., m1

etc. It is easily shown that



H1  Li- (t-t.)pj. (16)

At time t for cell number i, define the following averages:

average fluid density in i th cell:

Pj. mi/Axj (17a)

average fluid velocity in i th cell:

uj pi/mi (17b)

average total specific energy in i th cell:

Ei -Qi/mi (17c)

position of center of mass of i th cell:

x so Lj/mi (17d)

average moment quantity in i th cell:

V ii M i/mi. (17e)

At time t -tn. these quantities are denoted with a superscipt n, i.e., pn

*etc. It is easily shown. that

- -t-t.)ui.(18)

................... *



It follows that

mI  Oijx- (19a)

Pi - mju1  (19b)

Qi m1 Ei (19c)

Li - mij) (19d)

Hi - miv i  (19e)

The differential equations for the quantites min, Pi, Qt, Li , and Mi

are obtained from integrating Equations (8), (14), and (12) with respect to

x from ai to bi . The result is

dmi/dt- - (pu)t+lt2 + (Pu)i-lt2 (20a)

dPi/dt - - (pu2 + P)i+l& + (pu2 + P)tli2 (20b)

dQi/dt - - [(pE + P)u]i+, 2 + [(PE + P)ui -1/2  (20c)

dL1 /dt - - (Pur)t+1/2 + (pu%)i-lt2 + Pi (20d)



.
. . .

dMi/dt - [u- (t-t.)P]i+1 /2 + [pup- (t-t.)P]il,2 (20e)

Up to this point in the discussion, both the conserved moment quantity

and the mass moment were kept. However, only one of these is needed. The

mass moment will be used in the remainder of the discussion because the

resulting equations are simpler.

The finite difference form of the Equations (20 a-d) will be written. For

the quantities Fj, where Fi is mi, Pi, Qi, or Li, its time derivative dFi/dt

at t=tn is approximated by AFi/At where

Atn At

I

Then at t-tn, the result is

Amq = - At[(Pu) j+l, - (pu)1_l,2] (21a)

Api - - At[(Pu 2+p)2+2 - (pu2+)i/21, (21b)

.-..A' - - At {[(pE+u]+ - [(oE+)u]n_,/2} (21c)

ALi - - At[(PuX)i+l, 2 - (puX)_i/ 2 - Pi] (21d)

. "The values advanced to time tn+l are then

A!n+j n n
n =m i + Am I  (22a)

n+1 n n
Pi Pi + Api (22b)

* .. . : . .t -2.- :K *-~



V , P. 11-• =.

Qf+I QP + AQ? (22c)

+ 1. n n L(22d)

The right sides of the Equations (21) have quantities evaluated at the end-

points of the cells. Approximations to these values can be obtained by inter-

polation from the corresponding average values in the two cells having the common

endpoint. For the purpose of the present discussion, assume that some expressions

for interpolation are given in the following form:

n n n nf
i-1 - z (P-, XX ...) (23a)

- Z2(ui..uiXi..,Xi,..) (23b)

Ii-_I2 Z3(Ei_l,Ei,Xi_I ,4X,'"•) (23c)

- The left sides are the values at time tn at the left endpoint xi-.lt of cell i.

The first two arguments on the right sides are average values at time tn in tha

cell i-1 and i respectively. With i replaced by i+l in these equations, the

* left sides are the values at time tn at the right endpoint xi+lt2 of cell i.

The center of mass of the two cells having the comon endpoint are included

as arguments, indicating that there may be weighting factors dependent on the

centers of mass. In the interpolation expressions for endpoint values of one

- hydrovariable, the average values of some of the other hydrovariables might also

*" possibly appear as arguments on the right side, as indicated by the ... " nota-

tion.

Another possibility is a scheme in which the expression for each endpoint

*" value of one hydrovariable at time tn has that endpoint value of the same hydro-

,'-~~~ ~~~~~~~~~~~.. .....'.,.--".-.- ..-.-.-......... ...-. . = .- ........ ...........-......... ....-.... .... .



variable at the previous time tn-i as an argument on the right side. This

possibility would include schemes in which endpoint values of hydrovariables are

obtained at time tn from its value at time tn-i by a differencing scheme. That

is, there would be two differencing steps, one for average values in the cells,

and another for the endpoint values.

Finally, a differencing scheme can be described. For time tn, assume that

n n n n
Pi, ui, Ei, Xi, are known. To update those variables to time tn+l, the

.h following steps are taken.

Step 1. Using Equations (19a-d) with t-tn, calculate:

n n

n n n

Pi M mi Ui

Qn n n

Qi . miEi

Sn n nLi - mi~i

n n n

Step 2. Using Equations (23), interpolate to find Pi_12, ui_i/2, Ei-l/.

Step 3. Using Equations (10) and (9), calculate

40
n n 1- 12(u n ,22

n n nPi-1/ " P(Pi-_I lI-1/2)

Step 4. Using Equations (21),

calculate AmnApi, AQn , AL.



Step 5. Using Equations (22),

n+1 n-1 n+1 n+-1
calculate mi pi , Q1

Step 6. Using Equations (17a-d) with t-tn+l, calculate:

n+I nr+1
pi mj /Axj

n+1 n+1 n+1
ui Pi /mi

hEn +1 n+1l n+1
i Q i /Mi

n+.n+ n+1

Xi Li ,mi

This differencing scheme carries the extra quantity Xi, not considered in

schemes designed only to conserve mass, momentum, and energy. The extra quan-

tity Xi, the location of the center of mass of the i th cell, comes about

because this scheme is designed to also conserve the moment quantity. It is

suggested that the inclusion of this extra quantity X, should increase

accuracy, because Xi contains extra information on the state of the fluid

system.

0t

......................................



VII. RECOMMENDATIONS

Subroutine MESH is a general purpose code for generating a locally

refined computational mesh. Nevertheless, some potentially useful options

are not now present in the code. In the following, some suggestions are

given for new options that could be added to the code if needed. (a)

Option to choose the fine mesh cell size dxf exactly, whenever it can be

done without violating any of the other requirements on the mesh. (b)

Options to relax some of the other requirements on the mesh, if necessary,

in order to allow dxf to be chosen exactly. (c) Option to allow dxf to be

different in different fine mesh regions. (d) Option to allow the ratio

raj to be chosen exactly. (e) Option to allow raj to be chosen differently

in different coarse mesh regions. (f) Option to allow regions of constant

large cell size, larger than all cells in neighboring variable cell size

regions. (g) Option to specify a pair of points to be covered by a single

- fine mesh region of smallest possible length. Also, option to specify

several pairs of points to generate several fine mesh regions. Also,

HI similar options for constant large cell size regions. (h) Option in which

the endpoints of fine mesh regions can be chosen exactly, whenever it can be

done without violating any of the other requirements. Also, a similar option

for constant large cell size regions. (i) Options to relax some of the

other requirements on the mesh, if necessary, in order to allow the end-

points of fine mesh regions to be chosen exactly, when properly chosen.

Also, similar options for constant large cell size regions. (J) Option to

allow regions of constant intermediate cell size, larger than all the cells

in the neighboring variable cell size region on one side, but smaller than

. . . .. . . . . . . .



all the cells in the r-eighboring variable cell size region on the other

side.

Further investigation of the conserved moment quantity is recomended.

It is suggested that a code be written to try out the proposed one dimen-

sional Eulerian finite difference scheme for fluid dynamics that conserves

this quantity. The accuracy of this scheme could then be compared with

other schemes which are not designed to conserve this quantity.

One essential part of such an investigation would concern the form of

*f the expressions indicated in Equation (23) for the values of p, u, and E at

the endpoints of the cells. Simple expressions representing straight-

forward interpolation schemes would be easy to find. However, the best

prospects might be in more elaborate expressions depending also on the

values of p, u, and E at the endpoints from the previous time step. It

would be desirable to find expressions that give good results for shock

waves.

If the investigation of the one dimensional case yields good results,

then a generalization of the method to the 2 and 3 dimensional cases would

be good directions to continue the investigation.

In addition to Eulerian finite difference schemes, other schemes could

also be modified to conserve the moment quantity. A Lagrangian scheme is an

example. Another example is the scheme used in the HULL code, which is effec-

tively Eulerian and consists of a Lagrangian step followed by advection.

A "user friendly" option for the HULL hydrocode is suggested. The pur-

pose is to help the user to understand and to run the code by interacting

with him through the CRT display and the keyboard.

... .. -:-.':-.-... .-. ,-.-,~.. . .... .. -.. . .-. . .. -..... ,. .. '...... -.-....... -. ,.,... .... -.... ... .... ,-.



It could operate as follows. First, it displays a preliminary explana-

tion which starts with an outline of the main types of runs that can be made

A with the code, and what is accomplished in each. It continues by outlining

the organization of the code with descriptive material and flow charts

showing the flow of the control and data. The directions of flow are

P indicated by arrows along fixed paths, and also by the motion of symbols

along the paths of flow to give a moving picture of the sequence of steps

in the control and data flow. A description of the options and the input

that will be expected from the user in each type of run is also included in

this outline and is indicated in the flow charts. Provisions are made to

omit parts of the preliminary explanations that an experienced user may

choose to skip. It then outlines in more detail what the code is going to

do and what the user will have to do.

After the preliminary explanations, it leads the user step by step

through the procedure, and helps him to take the needed actions to run the

* -code. It asks the user for input to be typed in, and also asks for menu

*selection of options from the user. Also during each part of the run, it

provides information to the user such as what the code is now doing, how

long it should take, and where it is in the flow chart. Finally it helps

the user to decide the form of the output, and helps him to take the

actions to obtain the output.

.
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1. subroutine mesh (imx,xl,dxl,xclnfs,xf,x,dx,xc)
C
c SUBROUTINE MESH C. t'. Luehr
c
c PURPOSE:
C
c This subroutine sets up a finite difference mesh in one
c coordinate. The output mesh is finer in a neighborhood of an
c arbitrary number of selected points, and satisfies some restrictions
c on the ratios of adjacent cell sizes. Also, other requirements are
c satisfied. It is intended to be used with a hydrocode such as the
c HULL code, which numerically solves the equations of fluid dynamics
c by an Eulerian finite difference method.
o Using information from a one dimensional input mesh xI(i),
c (i=O....,imx), and a set of points xf(i), (i=1,...,nfs), to be
c covered by fine mesh neighborhoods in the output mesh, it calculates
c a one dimensional output mesh x(i), (i=O,...,imx), which partitions
c the interval (xl(0),xl(imx)) into cells by means of partitions
c located at x1(O)=x(O) < x(1) < x(2) < ... < x(imx):xl(imx). In a
c neighborhood of each of the input points xf(i), (i:1,...,nfs), the
c cells have the fine mesh cell size dxf, where dxf is determined
c during the calculation of the mesh. Everywhere else, the cell sizes
c are as large (almost) as possible, consistent with the restriction
c that adjacent cell sizes (the larger divided by the smaller) are
c always between 1.0 and raj, where the ratio raj of adjacent coarse
c mesh cell sizes is determined during the calculation of the mesh.
c It is required that dxmn =< dxf =< 1.21xdxmn and 1.0 < raj :< 1.1,
c where dxmn=dxlmn/1.1 and dxlmn is the smallest input cell size.
c The value for raj is chosen to have nearly the largest possible
c value consistent with these requirements. It is also required that
C the output mesh have the same number of cells imx as the input mesh,
o and have the same endpoints (x(0),xCimx))=(xlCO),xl(imx)) as the
c input mesh.
c The requirements (1) through (8) listed under PURPOSE of SEGS in
c the listing for Subroutine SEGS are satisfied, but with the
c following changes. Requirement (1) is replaced by the stronger
c requirement bl=bpl. Also, (al,bl)=(al,bpl)=(xl(O),x1(imx)). In
c Requirement (8), "3.5 fine mesh cells" is replaced by "2.5 fine
c mesh cells," and the part in parentheses is inapplicable since
c bl=bpl.
c In the above and in the following discussion. " a =< b " means
c Ia less than or equal to b", and " a >= b " means "a greater than
c or equal to b".
c
c INPUT ARGUMENTS:
c
c imx -- number of cells in the input mesh and in the output mesh.
c xl(i), (i=0,...,imx) -- input mesh which partitions the interval
c (x1(0),xI(imx)) into cells.
c dxl(i), (i=1,...,imx) -- cell sizes for the mesh xl(i), where
c dx1(i)=x1(i)-x1(i-I).
c xcl(i), (i=1,...,imx) -- location of cell centers for the
C mesh xl(i).
C nfs -- number of points in the array xf.
C xf(i), (i=1,...,nfs) -- points in the interval to be covered by
c fine mesh neighborhoods in the output mesh. It is required that
c xl(O) =< xf(l) < xf(2) < ... < xf(nfs) =< xl(imx).
c

-* -. '*.'. .*o.* *..
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c OUTPUT ARGUMENTS:
c
c x(i), (i:0,...,imx) -- output mesh which partitions the interval
c (xl(0),xl(imx)) into cells.

-€c dx(i), (i:1,...,imx) -- cell sizes for the mesh x(i), where
c dx(i):x(i)-x(i-1).
c xc(i), (i:l,...,imx) -- location of cell centers for the
c mesh x(i).
C
c METHOD:
c

* c i. If the cell sizes dxl(i) of the input mesh are all equal, it
c makes the output mesh x(i) the same as the input mesh xl(i), the
C output cell sizes and cell centers are made the same as the
c corresponding input quantities, and a return is made.
c Otherwise, it goes on to the next step.
c 2. It calculates the minimum allowable cell size dxmn=dxlmn/1.1
c for the output mesh, where dxlmn is the minimum cell size in the
c input mesh. It fixes the interval for the output mesh to be
c (al,bpl) = (xl(O),xl(imx)). It sets the initial value for the
c ratio raj of adjacent coarse mesh cell sizes to rajmx=1.1, its
c maximum allowable value. It sets the initial value of the fine
c mesh cell size dxf to its minimum allowable value dxmn.
c 3. Iteration for dxf: Using the interval (al,bpl) as input, it
c repeatedly calls Subroutine SEGS, which calculates bi and the number
c ncl of cells in a mesh for the subinterval (al,bl), but after each

Sc call of the subroutine it increases the value of dxf before the
c next call. This procedure is continued until ncl =< imx, then it
c goes on to the next step. But if dxf becomes too large, ie.
c dxf > 1.21xdxmn, the calculation is terminated and an error return
c is made.
c 4. If ncl=imx, it goes to Step 7 (Mesh Calculation). Otherwise,
c it calculates the initial value of the ratio rrj < 1.0 of successive
c trial values for raj, and gives the initial value 0 to the number
c nt of times through the next loop.
c 5. Iteration for raj: Using (al,bpl) as the input interval,
c it repeatedly calls Subroutine SEGS, which calculates bl and the
c number n1 of cells in a mesh for the subinterval (al,bl), but
c before each call it multiplies raj by the factor rrj and increments
c nt; the repetition Ts continued until ncl >= imx, then it goes to
c the next step. But if raj becomes too small, ie. raj =< 1.0, or if
c nt becomes too big, is. nt >= ntmx, then an error return is made.
c 6. If ncl=imx, it goes to Step 7 (Mesh Calculation). If
c ncl > imx, meaning that it overshot its goal of reaching nclimx

* c exactly, then it divides raj by rrj to give raj its previous value,
- calculates a larger value for rrJ closer to 1.0 so that successive
c values of raj will be closer together, and it goes back to Step 5
c (Iteration for raj).

S"c 7. Mesh Calculation: Having found values for dxf and raj that
o gives ncl=imx exactly, it calls the Entry XSEGS into Subroutine SEGS
c to calculate ibl, bl, and the mesh x(i), (izial,...,ibl) [where
o ial=O, and ibl:imx ], for the subinterval (al,bl). It checks the
, value of ibl, and if it is not equal to imx, an error return is
c made. Otherwise, it goes on to the next step.

o 8 . It calculates the expansion factor rb needed for the expansion
- of all cell sizes in the mesh on (Cl,bl) in order to fill the the
a entire interval (al,bpl) exactly. If the expanded fine mesh call
, size rbxdxf exceeds its maximum allowable value 1.2ldxmn, an error

S21.o .
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- return is made. It expands the mesh x(i), (iial,ii), to fill the
c entire interval (al,bpl). It calculates cell sizes and cell
c centers, and-returns.
c Before the expansion, the mesh x(i) on the interval (al,bl)
c satisfied the requirements (1) through (8) listed under.PURPOSE of
c SEGS in the listing for Subroutine SEGS. After the expansion of
. all cell sizes, the new expanded interval (al,bl) coincides with
, the entire interval (al,bpl), and the resulting mesh x(i) on the
c interval (a1,b1)=(a1.bp1) still satisfies the requirements (1)
" through (8), except that in requirement (8), "3.5 fine mesh cells"
c is replaced by "2.5 fine mesh cells".
cC xxxx xxx xNN xxNxNNNMN NMNNNMNNNMMMK N MM NKNNNNxx MMMM

c
2. dimension xl(l),dxl(l).xcl(l),xf(1),x(l),dx(1).xc(1)
3. parameter (rmns=1.1, rajmx:1.1, ialzO)
4. parameter (clxf:3.5, crxf=2.5)
5. parameter (rdxf=1.01, rdxmn=1.21)
6. parameter (frrjmx=0.02, rfrrj=0.2, ntmx=50)

c
c Step 1:
c If cell sizes dxl(i) of input mesh x1(i) are all equal, then make
c output mesh x(i) the same as the input mesh x1(i), make the output
c cell sizes and cell centers same as the corresponding input
0 quantities, and return.
c Otherwise go to Step 2.
C

7. dxlmn = dxl(1)
8. i =2
9. 10 continue

10. if(i.gt.imx) go to 20
11. if(dxlmn.ne.dxl(i)) go to 30
12. i= l
13. go to 10
14. 20 continue
15. X(0) =XI(G)
16. do 25, izl,imx
17. x(i) xl(i)
18. dx(i) dxl(i)
19. xc(i) xcl(i)
20. 25 continue
21. return

c
c Step 2:
c Find minimum dxlmn of the cell sizes dxl(i) for the input mesh.
c Calculate the minimum allowable cell size dxmn for the output mesh.
c Get the endpoints of the interval (albpl) for the mesh.
c Set the initial value for the ratio raj of adjacent coarse mesh
c cell sizes to its maximum allowable value. Set the initial value
. for the fine mesh cell size dxf to its minimum allowable value.
o Go to Step 3.
c

22. 30 continue
23. dxlmn = aminl(dxlmn,dxl(i))
24. i = i+1
25. if(i.le.imx) go to 30
26. dxmn = dxlmn/rmns

-- 27. al x ()

.. ...
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28. bpi = xl(imx)
29. raj = rajmx
30. dxf = dxmn.

C5 € Step 3:
c Calculate bl and the number ncl of cells in a mesh for the
c subinterval Cal.bl).
c If ncl =< imx, go to Step 4.
- Otherwise, repeat calculation of bl and ncl, increasing the value
c of dxf by multiplication with rdxf > 1.0 before each calculation,
c until ncl =< imx then go to Step 4, or until dxf exceeds its maximum
I allowable value then call HELP.

U, c
31. 40 continue
32. call segs(dxf.raj,clxf,crxf,nfs,xf,al,bpl,bl,ncl,imx,x(O),ial,ibl)
33. if(ncl.le.imx) go to 60
34. dxf = rdxf~dxf
35. if(dxf.le.rdxmn*dxmn) go to 40

c
c Call HELP. DXF too big.
c

36. write(6,250)
37. write(C,251)
38. write(6,252) dxf,dxmnncl
39. 250 format(' DXF too big.')
40. 251 format(9x,'DXF',7x,'DXMN',4x,'HC1')
41. 252 format(lxell.5,e11.5,i7)
42. call help(ghDXF 2big,8hSUB MESH)

c

c Step 4:
z If ncl=imx, go to Step 7.
" Otherwise, calculate initial value of ratio rrj < 1.0 of
c successive trial values for raj.
o Initialize number nt of times through next loop.
c Go to Step 5.IC c

43. 60 continue
44. if(ncl.eq.imx) go to 130
45. frrj frrjmx
46. rrj : 1.0-frrj
47. nt : 0

c
i Step 5:
€ Repeat calculation of bl and nol, incrementing nt and dncreasing
- raj by multiplication with rrj < 1.0 before each calculation, until
c ncl >= imx then go to Step 6, or until raj =< 1.0 then call HELP,
c or until nt >= ntmx then call HELP.
C

S48. 80 continue
49. raj = amax1(rrj~raj,1.0)
50. if(nt.ge.ntmx) go to 110
51. nt = nt+1
52. call sugs(dxfrajoclxf,crxf,nfs,xf,al,bpl,blnclimx,x(0),ial,ibl)
53. if(ncl.ge.imx) go to 90
54. if(raj.le.1.0) go to 100
55. go to 80

C
C

oS o • . ..
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c Step 6:
C If nclzimx, go to Step 7.
C Otherwise,'change raj to its previous value before its last
C change.
c Calculate a larger value for rrj closer to 1.0, so that successive
c values of raj will be closer together.
c Go to Step 5.
c

56. 90 continue
57. if(ncl.eq.imx) go to 130
58. raj = raj/rrj
59. frrj = rfrrj~frrj
6 60. rrj = 1.0-frrj
61. go to 80

c
c Call HELP. RAJ too small.
c

62. 100 continue
63. write(6,300)
64. write(6,301)
65. write(6,302) rajrrj,nt
66. 300 format(' RAJ too small.')
67. 301 format(9x,'RAJ',8x,'RRJ',3x,'NT')
68. 302 format(Ix,e.l.5,e11.5,iS)
69. call help(ShRAJ 2sml,8hSUB MESH)

C
C Call HELP. NT too big.
c

70. 110 continue
71. write(6,310)
72. write(6,301)
73. write(6,302) rajrrj,nt
74. 310 format(' NT too big.')
75. call help(ShNT 2 big,8hSUB MESH)

C
C Step 7:
c Calculate ibl, bl, and mesh x(i), (i:ial,...,ibl) [where ial:0],
c for subinterval (al,bI).
c Compare ibl with imx; if not equal, call HELP.
c Otherwise go to Step 8.c

76. 130 continue
77. call xsegs(dxf,raj,clxf,crxf,nfsxf,albpl,bl,ncl,imx,x(O),ial,

N ib)
78. if(ibl.ne.imx) go to 140

c
C Step 8:
c Calculate expansion factor rb, for expansion of all cell sizes in
c (al,bI) to fill entire interval (al,bpl) exactly.
" If expanded fine mesh cell size rbNdxf exceeds maximum allowable
c value, call HELP.
c Recalculate new expanded mesh xCi), (i=ia1,...,ib1), for entire
c interval (al,bpl).
c Calculate cell sizes dx(i) and cell centers xc(i).
c Return.
c

79. rb = (bpl-aD)/(bl-al)
80. if(rbmdxf.gt.rdxmn~dxmn) go to 150

. . . . .
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81. do 135, i:1,imx
82. x~i) =x(0)+Cx(i)-xCO))*rb
83. 135 continue
84. x(imx) = bpl
9 5. do 136, i:1.imx
86. dx(i) =x(i)-x(i-1)
87. xc~i) = x(i-1)4dx~i)/2.0
88. 136 continue
89. return

* C

c Call HELP. 181 not equal to IMX.
c

S90. 140 continue
91. write(6,340)
92. write(6,341)
93. writeC6,342) ibl,imx
94. 340 format(' 181 not equal to IMX.')
95. 341 formatC4x,'IB1',3x,'IMX')
96. 342 format(lxpi6,ifi)
97. call help(8hIBIneIMX,8hSUB MESH)

C
c Call HELP. RB*DXF too big.
C

98. 150 continue
99. writeC6,350)

*100. writeC6,351)
101. writeC6,352) rb,dxf,dxmn,rdxmn
102. 350 forniat(' RBxDXF too big.')
103. 351 format(10x,'RB',gx,'DXF',7x,'DXMH',6x,'RDXMI)
104. 352 format~lx,ell.5,ell.5,all.5,e11.5)
105. call help(8hRB*DXF2b,8hSUB MESH)
106. end

I2
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1. subroutine segs (dxf,raj,clxf,crxf,nfs.xfal,bpl,bl,ncl,
- cimx,x,ial,ibl)

C
c SUBROUTINE SEGS and ENTRY XSEGS C.P.L.
c
c PURPOSE of SEGS:

c Given an input interval (albpl), it outputs the right endpoint
c bl for a subinterval (al,bl), and calculates the number ncl of
c cells in a mesh that partitions the subinterval into cells, giving
c a fine mesh in places and a coarse mesh in the rest of the
c subinterval. The cells have the fine mesh cell size dxf in
c the vicinity of each of the input points xf(i), (i=1,...,nfs).
c Everywhere else, the cell sizes are as large (almost) as possible
c consistent with the restriction that the ratio of adjacent cell
c sizes (the larger divided by the smaller) is always between 1.0 and
c raj. The following requirements are satisfied:
c (1) The right endpoint bl of the subinterval is within a
c distance dxf of the right endpoint bpl of the input interval, iQ.,
c bpl-dxf < bl =< bpl. Also al =< bl is required.
c (2) The subinterval (al,bI) is divided into segments, and each
c segment is partitioned into cells. There are two types of segments:
c fine mesh segments and coarse mesh segments. There are three kinds
c of coarse mesh segments: the coarse mesh left segment, the coarse
c mesh right segment, and coarse mesh middle segments.
c (3) For a fine mesh segment, each cell has size dxf.
c (4) For a coarse mesh left segment, the cell sizes are decreasing
c from left to right by the ratio raj between adjacent cells. The
c last cell (at the right end) of a left segment has size rexp~dxf,
c where rexp is required to satisfy 1 =< rexp =< raj. A coarse mesh
c left segment can appear only at the left end of the subinterval.
c (5) For a coarse mesh right segment, the cell sizes are increasing
c from left to right by the ratio raj between adjacent cells. The
c first cell (at the left end) of a right segment has size rexp~dxf,
c where rexp is required to satisfy 1 =< rexp =< raj. A coa.-se mesh
c right segment can appear only at the right end of the subinterval.
c (6) For a coarse mesh middle segment, the cell sizes are
c increasing by the ratio raj between adjacent cells from the left
c end to the center of the segment, and then are decreasing by the
c ratio raj between adjacent cells from the center to the right end
c of the segment. The first and last cells (at the left and right
c ends) of a middle segment have the same size rexp~dxf, where rexp
c is required to satisfy 1 =< rexp =< raj. A coarse mesh middle
c segment can appear only in between two fine mesh segments.
c (7) The value of rexp can be different for different coarse mesh
c segments.
C (8) Fine mesh segments are placed such that each point xf(i) is
c covered by a fine mesh segment (unless bl =< xf(i) =< bpl ), and
c there are at least 3.5 fine mesh cells between the point and the
c neares' nontrivial coarse mesh segment on its left if any, and at
c least 2.5 fine mesh cells between the point and the nearest
c nontrivial coarse mesh segment on its right if any.
c In the above, " a =< b " means "a less than or equal to b".
c
c PURPOSE of XSEGS:
c
c For a given input interval (al,bpl), it does everything that
c Subroutine SEGS does. In addition. for the subinterval (al,bl), it

* -. .... . .. . . ... .,, . • °. .o f I w"
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c outputs ibl and the mesh x(i), (i=ial,...,ibl), which partitions
c the subinterval into calls by means of partitions located at
c al=x(ial) < x(ial+1) < ... < x(ibl)=bl. The calls Cx(i-1),x(i)),
c (i=ial+1,...,ibl), resulting from this partition satisfy the
c requirements (2) through (8) listed above under PURPOSE of SEGS.
c The integer ial is a constant set equal to 0 in Subroutine MESH.
C

" ". c INPUT ARGUMENTS for both SEGS and XSEGS:

c dxf -- fine mesh call size.
c raj -- ratio of adjacent cell sizes in coarse mesh segments.

i c clxf -- minimum number of fine mesh calls to be placed between
c each point xf(i) and the nearest coarse mesh segment on its left
c if any. This is a constant set equal to 3.5 in Subroutine MESH.
c crxf -- minimum number of fine mesh calls to be placed between
c each point xf(i) and the nearest coarse mesh segment on its right
C if any. This is a constant set equal to 2.5 in Subroutine MESH.
c nfs -- number of points in the array xf.
c xf(i), (i=l,...,nfs) -- points in the interval, which determine
c neighborhoods in which all calls have the fine mesh call size.
c al -- left endpoint of the input interval (al,bpl).
C bpl -- right andpoint of the input interval (al,bpl).
c
c OUTPUT ARGUMENTS for both SEGS and XSEGS:
c

c ncl -- number of cells in a mesh that partitions the
c subinterval (albl).
c
c INPUT ARGUMENTS for XSEGS only (Not used by SEGS):
c
c imx -- maximum allowable subscript value for the array x.
C ial -- first subscript value for the portion of the array x
c containing the mesh for the subinterval (al,bl). This is a

3 c constant set equal to 0 in Subroutine MESH.
c
c OUTPUT ARGUMENTS for XSEGS only (Not used by SEGS):
c
c x(i), (iial,...,ibl) -- mesh which partitions the subinterval
c (al,bl) into cells.
c ibl -- last subscript value for the portion of the array x
c containing the mesh for the subinterval (al,bl).
C
c METHOD in SEGS:
C
c Starting at the left endpoint of the input interval (al,bpl), it
c places segments end to end inside the interval, one at a time, until
c it reaches a point bl within a distance dxf of the right andpoint
c bpl of the input interval. The number nc of calls in each segment

c is calculated when the segment is placed. The sum of these numbers
c over all segments gives the number ncl of cells in the subinterval
c (al,bl).
c The first segment to be placed is a coarse mesh left segment with
c its left endpoint at al, and its right endpoint located at a

c sufficient but limited distance to the left of the point xf(1). If
c there is insufficient room for a nontrivial left segment, then the
c resulting segment has length 0. has no cells, and has both andpoints
C at al.

.. . . . . . ...
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C Then it alternates between the placement of a fine mesh segment
c and a coarse mesh middle segment until ncf fine mesh segments and
c ncf-1 middle segments are placed. Under usual circumstances the
c i(th) fine mesh segment covers the point xf(i), however exceptions
c can occur, and are mentioned in the next paragraph.
c The i(th) fine mesh segment is placed with its left endpoint
c coinciding with the right endpoint of the left segment ;f i1 or
C the right endpoint of the i-1(th) middle segment if i > 1, and its
c right endpoint located at a sufficient but limited distance to the
c right (under usual circumstances) of the point xf(i). However, if
c the point xf(i) lies within a distance dxf of the point bpl, it is
c possible for the right endpoint of the fine mesh segment to be
c located at the left of the point xf(i) within a distance dxf of the
c point bp1. There are also circumstances where the fine mesh
c segment can be the trivial segment, with length 0 and having no
c cells. Under usual circumstances the left endpoint of the i(th)
c fine mesh segment lies to the left of the point xf(i); however, if
c the point xf(i) is already covered by a previous fine mesh segment
C (one fine mesh segment might cover two or more of the points xf if
c some of these points are closely spaced), then its left endpoint in
c this case would lie to the right of the point xf(i).
c The i(th) coarse mesh middle segment is placed with its left
c endpoint coinciding with the right endpoint of the i(th) fine mesh
c segment, and its right endpoint located at a sufficient but limited
c distance to the left of the next point xf(i+l). If there is
c insufficient room for a nontrivial middle segment, then the
c resulting segment has length 0 and has no cells.
c Finally, a coarse mesh right segment is placed with its left
c endpoint coinciding with the right endpoint of the last fine mesh
c segment (fine mesh segment no. nfs), and its right endpoint bl
c located as closely as possible to the point bp1 at its left. If
C there is insufficient room for a nontrivial right segment, then the
c resulting segment has length 0, has no cells, and has both
c endpoints at bl.
c The subroutines LRSEG, FSEG, and MSEG are called to set up the
c segments. In each case, a confining interval (a,bp) for the
c segment is used as the input interval to one of the subroutines.
c The subroutine outputs the right endpoint b for a segment (a,b)
C inside the input interval (a,bp), and calculates the number nc of
c cells in the segment.
c Before placing a coarse mesh left segment, it sets a=ea, and the
c the point bp is placed at a distance of 3.Sdxf to the left of the
c point xf(D). Before placing the i(th) coarse mesh middle segment,
c it sets a equal to the right endpoint b of the previous segment,
c and the point bp is placed at a distance of at least 3.5*dxf to the
C left of the point xf(i+l). The term -(bp-b) solves a possible
c iteration problem in Subroutine MESH. Before placing the i(th)
c fine mesh segment, it sets a equal to the right endpoint b of the
c previous segment, and the point bp is placed at a distance of
c 3.5*dxf to the right of the point xf(i) if this location is at the
c left of bpl, otherwise bp is placed at bpl. Before placing the
c coarse mesh right segment, it sets a equal to the right endpoint b
c of the previous segment, and it places bp at bpl. Finally it sets
c bl equal to the right endpoint b of the last segment placed (the
c coarse mesh right segment).
C
C
C

. . ..
.I. . . .
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c METHOD in XSEGS:
C
c Given the input interval (al,bpl), it does everything that
c Subroutine SEGS does, and in addition it calculates ibl and the
c mesh x(i), (i=ial .... ,ibl), for the subinterval (al,bl).
c Whenever it calls one of the subroutines LRSEG, FSEG, or MSEG to
c set up a segment (a,b) inside a confining interval (a,bp), it next
o provides a value for ia, and calls XLSEG, XFSEG, XMSEG, or XRSEG to
c calculate ib and the mesh x(i), (i=ia,...,ib), except x(ia), for
€ that segment (a,b). For a left segment, it sets ia:ial. For all
c other segments, it sets ia equal to the value of ib from the

oil c previous segment. After the entire mesh is calculated, it sets ibi
c equal to the value of ib from the last segment to be placed (the
c right segment).
c

c
2. dimension xf(nfs)
3. dimension x(O:imx)

c
c Set ient=O for Subroutine SEGS or ient=1 for Entry XSEGS.
c

4. ient= 0
5. go to 10
6. entry xsegs(dxf,rajclxf,crxfnfsxf,albplbl,ncl,imx,x,ial, ibl)
7. ient =1

f 8. 10 continue
c
c Initialize fine cell count ncf and coarse cell count ncc.
c

9. ncf = 0
10. ncc = 0

c
c Step I (Place left segment):
c Initialize subscript i for xf array.
c Set a=al and find bp for confining interval (a,bp) for left
c segment.
c Calculate b and number nc of cells for left segment (a,b), and
c augment ncc.
c If in XSEGS, set ia=ial, calculate ib and mesh x(j),
c (j=ia,...,ib), for left segment.
c Go to Step 3.

r c1. 1:

12. a al
13. bp =xf(i)-clxf~dxf
14. bp aminl(bp,bpl)
15. call lrseg(dxf,raj,a,bp~bnc,rexp)
16. ncc = ncc+nc
17. if(ient.eq.0) go to 30
18. ia = ial

- 19. x(ia) = a
20. call xlseg(dxf,raj,bncprexp,imx,xia,ib)
21. go to 30

€
c Step 2 (Place middle segment):
" Increment subscript i for xf array.
o Set a equal to value of b from previous segment, and find bp for
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c confining interval Ca,bp) for middle segment.
c Calculate b and number nc of cells for middle segment Ca,b), and
c -augment flcc.,
C If in XSEGS, set ia equal to value of lb from previous segment,
c calculate new lb and mesh x(j), (j~ia,...,ib), except x(ia), for
c middle segment.
c Go to Step 3.
c

22. 20 continue
23. j 1+1
24. a b
25. bp =xf(i)-clxfxdxf-Cbp-b)

C The term -(bp-b) solves a possible
c iteration problem in Subroutine MESH.

26. bp aminl~bp,bpl)
27. call mseg(dxf,rajavbpvb,nc,rexp)
28. ncc = ncc+nc
29. if(ient.eq.0) go to 30
30. ia =ib
31. call xmseg(dxf~rajvbpncprexppimx,x, ia,ib)

C
c Step 3 (Place fine segment):
c Set a equal to value of b from previous segment, and find bp for
c confining interval (a,bp) for fine segment.
C Calculate b and number nc of cells for fine segment (a,b), and
c augment ncf.
c If in XSEGS, set ia equal to value of ib from previous segment,
c calculate new ib and mesh x(j), (jia*...,ib), except x~ia), for
c fine segment.
c If more elements present in xf array, ie. i < nfs, go to Step 2.
c Otherwise go to Step 4.
C

32. 30 continue
33. a b
3'.. bp xf~i)+(crxf*1.0)*dxf
35. bp aminl(bppbpl)
36. call fseg(dxfta,bp~bpnc)
37. ncf = ncf+nc
38. if(ient.eq.0) go to 40
39. ia =ib
40. call xfseg(dxf,b,nctimx,x,ia,ib)
41. 40 continue
42. if(i.lt.nfs) go to 20

C
C Step 4 (Place right segment):
C Set a equal to value of b from previous segment, and set bpbpl
c for confining interval (a,bp) for right segment.
C Calculate b and number nc of cells for right segment (a,b), and
C augment ncc.
c Set blb, and calculate number nci of cells in subinterval
C (al,bl).
c If in XSEGS, set ia equal to value of ib from previous segment,
c calculate new ib and mesh x~j)# (jiap...#ib), except x(ia), for
c right segment, and set iblib.
c Return.
C

45. a b
44. bp bpi
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45. callI lrseg(dxf,raj ,avbpvb~ncvrexp)
46. ncc ncc~nc

*47. bl=b
48. ncl =ncf+ncc
49. if~iont.eq.0) go to 50
50. ia =lb
51. call xrseg(dxf~rajoboncorexptimxtx,iajib)
52. ibl c ib
53. 50 continue
54. return
55. and

e
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1. subroutine irseg (dxf,raj,a,bpbncrexp)

c SUBROUTINE LRSEG C.P.L.

c PURPOSE:
C
c Given an input interval (a,bp), it outputs the right endpoint b
c for a coarse mesh left or right segment (a,b) inside the input
c interval, and calculates the number nc of cells in this segment. -.
c The following requirements are satisfied:
c (1) The right endpoint b of the segment is within a distance dxf
c of the right endpoint bp of the input interval, ie., bp-dxf < b
c =< bp. Also a =< b is required. If bp :< a. then b=a and nc=O.
c (2) The last cell (at the right end) of a left segment or the
c first cell (at the left end) of a right segment has the size
c rexp)dxf, where the output argument rexp satisfies the inequality
c I < rexp =< raj.
o (3) For a left segment the cell sizes are decreasing from left
c to right by the ratio raj. For a right segment the cell sizes
c are increasing from left to right by the ratio raj.
c In the above, " a =< b " means "a less than or equal to b".
c
c INPUT ARGUMENTS:
c
c dxf -- fine mesh cell size.
c raj -- ratio of adjacent cell sizes in coarse mesh segments.
c a -- left endpoint of the input interval (a,bp).
c bp -- right endpoint of the input interval (a,bp).
c
c OUTPUT ARGUMENTS:
c
c b -- right endpoint of the coarse mesh left or right
c segment (a,b).
c nc -- number of cells in the coarse mesh left or right
c segment (a,b).
c rexp -- ratio of the size of the last (at the right end) cell of
c the left segment to the size dxf of a fine mesh cell, or the ratio
c of the size of the first (at the left end) cell of the right segment
c to the size dxf of a fine mesh cell.
c
c METHOD:

c It makes a coarse mesh left or right segment that covers as much
c of the input interval as possible.
c It starts with a segment empty of cells, ie., the length ba=b-a
c of the segment (a,b) is zero. Then it alternates between the two
C steps:
c (1) Increase the length ba of the segment by the addition of a
c cell of size dxf onto the right or left end of the Left or right
c segment respectively.
c (2) Increase the length ba of the segment by expanding the sizes
c of all cells in the segment by the factor raj.
c It continues the procedure of alternating between these two steps
c as long as the segment length ba remains less than the length
c bpa:bp-a of the input interval (a,bp). If, when Step I is to be
c performed, but it would result in exceeding this length, the
c procedure is terminated, and it sets rexp=raj. If, when Step 2 is
c to be performed, but it would result in exceeding this length, the

• :,,~~~~~~. .. ... ..... .......-- ,.-...-. -......
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c procedure is terminated, it sets rexp~bpa/ba, and an expansion of
c all cell sizes is made by the factor bpa/ba to make the segment
4 fill the input interval exactly.Ec
C

.2. bpa bp-a
I* p

, Initialize segment length ba and cell count nc.
I i] 3. ba =0.0

4. nc= 0

C Step 1:

c Calculate value ba2 for tentative new segment length, if a cell
c is added to the segment.
c If tentative new segment does not fit inside the input interval,
c do not add cell, terminate procedure, and go to Step 3.

' c If tentative new segment does fit inside the input interval, add
c a cell, and go to Step 2.
c

,5. 10 be2 = ba+dxf
. if (ba2.gt.bpa) go to 20

7. ba = ba2
8. nc = nc+1

* ' C

C Step 2:
c Calculate value ba2 for tentative new segment length, if all
c cell sizes are expanded by the factor raj.
c If tentative new segment does not fit inside the input interval,
c do not expand cell sizes, terminate procedure, and go to Step 4.
c If tentative new segment does fit inside the input interval,
c expand cell sizes, and go to Step 1.
C

9. ba2 = rajiba
10. if (ba2.gt.bpa) go to 30
11. ba = ba2
12. go to 10

C
C Step 3:
c Calculate rexp and b, and return.
C

13. 20 rexp = raj
* 14. b = a+ba

15. return
C
C Step 4:
c Calculate rexp.

" C Expand cell sizes by the factor bpa/ba to make the segment fill
c the input interval exactly.
c Calculate b, and return.
C

16. 30 rexp = bpa/ba
c ba bpa (not calculated)

17. b bp
18. return

-. "19. end
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1. subroutine xlseg (dxfraj,bncorexp,imx,xiaib)
c
c SUBROUTINEXLSEG C.P.L.
c
c PURPOSE:
c
c For a coarse mesh left segment (a,b), it outputs all the mesh
c x~i), .(iia,.... b), except x(ia), which partitions the segment
c into cells by means of partitions located at a=x(ia) < x(ia+l)
c < ... < x(ib)=b. The cells (x(i-1),x(i)). (i:ia+41...,ib).
c resulting from this partition satisfy the requirements (2) and (3)
c in the listing for Subroutine LRSEG.
c The input arguments b, nc, rexp must be previously calculated
c by Subroutine LRSEG before entering Subroutine XLSEG. Before
c calling Subroutine XLSEG, the Entry XSEGS to Subroutine SEGS gives
c a value to ia and sets x(ia)=a.
C
c INPUT ARGUMENTS:
c
c dxf -- fine mesh cell size.
c raj -- ratio of adjacent cell sizes in coarse mesh segments.
c b -- right endpoint of the coarse mesh left segment (a,b).
c nc -- number of cells in the segment.
c rexp -- ratio of the size of the last (at the right end) cell
c of the left segment to the size dxf of a fine mesh cell.
C imx -- maximum allowable subscript value for the array x.
c ia -- first subscript value for the portion of the array x
c containing the mesh for the left segment.
c
c OUTPUT ARGUMENTS:
c

*c x(i), (i=ia....,ib), (except x(ia), which is not part of the
c output] -- mesh which partitions the coarse mesh left segment
c into cells.
c ib -- last subscript value for the portion of the array x
c containing the mesh for the left segment.
C
c UNUSED ARGUMENTS:
c
c x(ia) -- the first element of the mesh for the left segment.
c

C
2. dimension x(O:imx)
3. ib = ia+nc
4. if(nc.le.0) return
5. x(ib) = b
6. if(nc.le.1) return
7. dx = rexpxdxf
8. do 10, n=l,nc-1
9. x(ib-n) = x(ib-n+l)-dx

10. 10 dx = raj~dx
11. return
12. end

.- - -

. ..



* " -- . . . . . . ' v-_

PAGE 1 ON=ACDEILMNPQRSTVXZ 03/22/84 MX=v 09:02:21

1. subroutine xrseg (dxf,raj,bncrexp,imx,x,ia,ib)
c
c SUBROUTINE XRSEG C.P.L.
C
c PURPOSE:
c
c For a coarse mesh right segment (a,b), it outputs all the mesh

* c x(i), (i:ia,....ib), except x(ia), which partitions the segment
c into cells by means of partitions located at azx(ia) < x(ia+l)
c < ... < x(ib)=b. The cells (x(i-1),x(i)), Ci=ia+1,...,ib),
c resulting from this partition satisfy the requirements (2) and (3)

- c in the listing for Subroutine LRSEG.
c The input arguments b, nc, rexp must be previously calculated by
c Subroutine LRSEG before entering Subroutine XRSEG. Before calling
c Subroutine XRSEG, the Entry XSEGS to Subroutine SEGS sets ia equal
c to the value of ib from the previous segment that was formed.
c Since XSEGS sets a equal to the value of b from the previous
c segment that was formed, we will have x(ia)=a.
c
c INPUT ARGUMENTS:
c
c dxf -- fine mesh cell size.
c raj -- ratio of adjacent cell sizes in coarse mesh segments.
c b -- right endpoint of the coarse mesh right segment (a,b).
c nc -- number of cells in the segment.

- c rexp -- ratio of the size of the first (at the left end) cell of
r c the right segment to the size dxf of a fine mesh cell.

c imx -- maximum allowable subscript value for the array x.
c ia -- first subscript value for the portion of the array x
c containing the mesh for the right segment.
c
c OUTPUT ARGUMENTS:
c
c x(i), (i=ia,...,ib), [except x(ia), which is not part of the
c output] -- mesh which partitions the coarse mesh right segment
c into cells.
c ib -- last subscript value for the portion of the array x
c containing the mesh for the right segment.
c
c UNUSED ARGUMENTS:
c
c x(ia) -- the first element of the mesh for the right segment.
c
CAMM MN WMNMN NMKMMMNNWNWKNXxMWNMKWWNM AEN

c
2. dimension x(O:imx)
3. ib = ia+nc
4. if(nc.le.0) return
5. x(ib) = b
6. if(nc.Ie.1) return
7. dx = rexp~dxf
8. do 10, n~l,nc-1
9. xCia+n) = x(ia+n-1)+dx

10. 10 dx rajXdx
11. return
12. end

. *°.
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1. subroutine mseg (dxf,rajabp,b,ncrexp)
C
c SUBROUTINE MSEG C.P.L.
c
C PURPOSE:
C
c Given an input interval (a,bp), it outputs the right endpoint b
e for a coarse mash middle segment (ab) inside the input interval,
C and calculates the number nc of cells in this segment. The
c following requirements are satisfied:
c (1) The right endpoint b of the segment is within a distance dxf
c of the right endpoint bp of the input interval, ie., bp-dxf < b
c =< bp. Also a :< b is required. If bp =< a, then b=a and nc=O,
c (2) The first and last cells (at the left and right ends) of a
c middle segment have the same size rexpxdxf, where the output
c argument rexp satisfies the inequality 1 =< rexp =< raj.
c (3) For a middle segment, the cell sizes are increasing by the
c ratio raj from the left end to the center of the segment, and then
c are decreasing by the ratio raj from the center to the right end
c of the segment.
c In the above, " a =< b " means "a less than or equal to b".
c
c INPUT ARGUMENTS:
C
C dxf -- fine mesh cell size.
c raj -- ratio of adjacent cell sizes In coarse mesh segments.
c a left endpoint of the input interval a,bp).
c bp right endpoint of the input interval Ca,bp).
C
c OUTPUT ARGUMENTS:
C
c b -- right endpoint of the coarse mesh middle segment (a,b).
c nc -- number of cells in the coarse mesh middle segment (a,b).
c rexp -- ratio of the size of the first or last (at the left or
c right end) cell of a middle segment to the size dxf of a fine mesh
C cell.
C
C METHOD:
c
c It makes a coarse mesh middle segment that covers as much of the
c input interval as possible.
C The segment (a,b) is regarded as being the union of two
c subsegments, the left subsegment (ac) and the right subsegment
c (c,b). It starts with both subsegments empty of cells, ie., the
c lengths cac-a and bczb-c of the two subsegments are zero. Then
c it rotates among the following three steps in order:
C (1) Increase the length be of the right subsegment by the
c addition of a cell of size dxf onto the right end of the subsegment.
c (2) Increase the length be of the right subsegment by expanding
c the sizes of all cells in the right subsegment by the factor raj.
C (3) Compare the number of cells nel and ncr in the left and right
c subsegments. If ncl < ncr, the sequence of cells in the combined
c two subsegments are reversed in their order. The subsegments
c exchange positions, each keeping its original cells but in reversed
c order. Thus the values of ncl and ncr, which denote the number of
c cells in the subsegment on the left and on the right respectively,
c are exchanged. Also, the values of ca and be, which denote the
c length of the subsegment on the left and on the right respectively,

. ...
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c are exchanged.
c It continues the procedure of rotating among the three steps as
c long as the right subsevient length bc remains less than the length
c bpc:bp-c:bpa-ca of its confining interval (c,bp); or equivalently,
c as long as the length ba of the whole segment (a,b) remains less
C than the length bpa=bp-a of the input interval (a,bp). If, when
c Step I is to be performed, but it would result in exceeding this
€ length, the procedure is terminated, and it sets rexp=raj. If, when

' c Step 2 is to be performed, but it would result in exceeding this
S-c length, Step 2 is performed anyway, the procedure is then

c terminated, it sets rexp:raj*(bpa/ba), and a contraction of all
c cell sizes in both subsegments is made by the factor bpa/ba to make

- c the whole segment fill the input interval exactly.
c

2. bpa = bp-a
c
c Initialize subsegment lengths ca and bc, and cell counts ncl and
C ncr.
c

3. ca = 0.0
4. bc = 0.0
5. ncl 0
6. ncr 0

7. bpc bpa-ca

c Step 1:
c Calculate value bc2 for tentative new right subsegment length, if
c a cell is added to the right subsegment.
c If tentative new right subsegment does not fit inside its
c confining interval, do not add cell, terminate procedure, and
c go to Step 4.
c If tentative new right subsegment does fit inside its confining3c interval, add a cell, and go to Step 2.
c

8. 10 bc2 = bc~dxf
- 9. if(bc2.gt.bpc) go to 20

10. bc bc2
11. ncr ncr+I

c Step 2:
c Calculate value bc2 for tentative new right subsegment length, if
c all its cell sizes are expanded by the factor raj.
c If tentative new right subsegment does not fit inside its
c confining interval, do not expand cell sizes, terminate procedure,
c and go to Step 5.
c If tentative new right subsegment does fit inside its confining
c interval, expand all cell sizes in the right subsegment, and go to
€ Step 3.

12. bc2 = raj*bc
13. if(bc2.gt.bpc) go to 30
14. bc = bc2

c Step 3:
- If ncl < ncr, reverse the sequence of cells in the combined

°%7
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C subsegments, thereby exchanging the left and right subsegments.
c GO to step 1.
c

15. if(ncr.le.ncl) go to 10
16. nexch = ncl
17. ncl= c
18. ncr =nexch
19. sboxch = ca
20. ca =bc
21. bc =sbexch
22. bpc =bpa-ca
23. go to 10

c
c Step 4:
c Calculate rexp, b, and number nc of cells in the whole segment
c (a,b), and return.

* c
24.. 20 rexp = raj
25. c =a~ca
26. b =c+bc
27. nc = ncl+ncr
28. return

c
C step 5:
c Expand anyway, changing all cell sizes in the right subsegment
c by the factor raj.
o Calculate rexp.
c Contract all cell sizes in the whole segment (a,b) by the factor
c bpa/ba to make it fill the input interval exactly.
c Calculate b, and the number no of cells in the whole segment,
c and return.
c

29. 30 bc bc2
30. ba =bc+ca
31. rexp = rajxbpa/ba

C ba =bpa (not calculated)
32. b-=bp
33. nc = ncl~ncr
34.. return
35. end
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*1. subroutine xmseg (dxf,raj,b,nc~rexp,irnx~x,iaib)
C
c SUBROUTINE XMSEG C.P.L.
c
c PURPOSE:

C Fora coarse mesh middle segment (a,b), it outputs all the mesh

C7 into cells by means of partitions located at a~x(ia) < x~ia+1)
c < .. < x(ib)=b. The cells Cx(i-1),x(i)), (~a1..i)

*c resulting from this partition satisfy the requirements (2) and (3)
c in the listing for Subroutine MSEG.
c The input arguments b, nc, rexp must be previously calculated by
c Subroutine MSEG before entering Subroutine XMSEG. Before calling
C. Subroutine XMSEG, the Entry XSEGS to Subroutine SEGS sets ia equal
c to the value of ib from the Previous segment that was farmed.
c Since XSEGS sets a equal to the value of b from the previous
c segment that was formed, we will have x(ia)=a.
c
c INPUT ARGUMENTS:
c
c dxf -- fine mesh cell size.
c raj - ratio of adjacent cell sizes in coarse mesh segments.
c b -- right endpoint of the coarse mesh middle segment (aab).
C nc -- number of cells in the coarse mesh middle segment.
c rexp -- ratio of the size of the first or last (at the left or
c right end) cell of the middle segment to the size dxf of a fine
c mesh cell.
C imx -- maximum allowable subscript value for the array x.
e ia -- first subscript value for the portion of the array x
c containing the mesh for the middle segment.
c
c OUTPUT ARGUMr71TS:

c x(i), (i~ia,.,ib). [except x~ia), which is not part of theIc output] -- mesh which partitions the coarse mesh middle segment
c into cells.
C ib -- last subscript value for the portion of the array x
c containing the mesh for the middle segment.
C
c UNUSED ARGUMENTS:

-* c
c x(ia) -- the first element of the mesh for the middle segment.

2. dimension x(0:imx)
3. ib =ia+nc
4. if(nc.le.0) return
5. x~ib) =b
6. if(nc.le.1) return

*7. nh =nc/2

8c x=rxdf Note: Integer division, giving a truncated result.

9. do 10, n1,pnh
10. x(ib-n) =x~ib-n+l)-dx

*11. x(ia+n) =x(ia+n-l)+dx
12. 10 dx =rajmdx
13. return
14. end
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1. subroutine fseg (dxf.a,bp,b,nc)
C
c SUBROUTINE FSEG C.P.L.
C
c PURPOSE:
C
c Given an input interval (a,bp), it outputs the right endpoint b
c for a fine mesh segment (a,b) inside the input interval, and
c calculates the number nc of cells in this segment. The following
c requirements are satisfied:
c (1) The right endpoint b of the segment is within a distance dxf
c of the right endpoint bp of the input interval, ie., bp-dxf < b
c C bp. Also a 2< b is required. If bp =< a, then ba and nc=O.
c (2) Each cell in the segment has size dxf.
c In the above, " a =< b " means "a less than or equal to b".
C
c INPUT ARGUMENTS:
C
C dxf -- fine mesh cell size.
c a left endpoint of the input interval (abp).
c bp -- right endpoint of the input interval (a,bp).
c
c OUTPUT ARGUMENTS:
C
c b -- right endpoint of the fine mesh segment (a,b).
c nc -- number of cells in the fine mesh segment (a,b).
C
C METHOD:
C
c It makes a fine mesh segment that covers as much of the input
c interval as possible.
c It starts with a segment empty of cells, is., the length ba~b-a
c of the segment (a,b) is zero. Then it attempts to repeat the
c following step: Increase the length ba of the segment by the
c addition of a cell of size dxf. It continues the procedure of
c repeating this step as long as the segment length ba remains less
c than the length bpa=bp-a of the input interval (a,bp). If when
c the step is to be started, but it would result in exceeding this
c length, the procedure is terminated.
C

2. bpa bp-a
c
c Initialize segment length ba and cell count nc.
c

3. ba = 0.0
4. nc = 0

c
c Step 1:
C Calculate value ba2 for tentative new segment length, if a cell
c is added to the segment.
c If tentative new segment does not fit inside the input interval,
c do not add cell, terminate procedure, and go to Step 2.
c If tentative new segment does fit inside the input interval, add
c a cell, and go to start of Step 1.
c
c

o,.2,
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5. 10 ba2 =ba+dxf
6. if (ba2.gt.bpa) go to 20
7. ba =ba2
a. nc =nc+1
9. go to 10

c
c Step 2:
c Calculate b. and return.
c

10. 20 b a+ba
11. return
12. end
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1. subroutin-a xfseg (dxf,b,nc,imxx,ia~ib)

c SUBROUTINE XFSEG C.P.L.

c PURPOSE:
C
C For a fine mesh segment (a,b), it outputs all the mesh
c x~i), (ia...bexcept x(ia), which partitions the segment
c into cells by means of partitions located at ax~ia) < x(ia+l)
c < ... < x~ib)=b. Each of the cells (x(i-1),x~i)), (izia+1,. .. i)
c resulting from this partition has size dxf.
C The input arguments b, nc must be previously calculated by
c Subroutine FSEG before entering Subroutine XFSEG. Before calling
c Subroutine XFSEG, the Entry XSEGS to Subroutine SEGS sets ia equal
c to the value of ib from the previous segment that was formed.
c Since XSEGS, sets a equal to the value of b from the previous
c segment that was formed, we will have x(ia)=a.

c INPUT ARGUMENTS:
c
c dxf -- fine mesh cell size.
c b -- right endpoint of the fine mesh segment Ca,b).
c nc -- number of cells in the fine mesh segment Ca,b).
c inx -- maximum allowable subscript value for the array x.

fc ia -- first subscript value for the portion of the array x
c containing the mesh for the segment.
c
c OUTPUT ARGUMENTS:
c

*c x~i), Ciia,...,ib), [except x(ia), which is not part of the
c output] -- mesh which partitions the fine mesh segment into cells.
c ib -- last subscript value for the portion of the array x
c containing the mesh for the fine mesh segment.
c

*c UNUSED ARGUMENTS:
C
c x(ia) -- the first element of the mesh for the fine mesh segment.
c

2. dimension xCO:imx)
3. ib = ia~nc
4. if(nc.le.0) return
5. x~ib) = b
6. if~ne.le.1) return
7. do 10, nl,nc-1
a. x(ia+n) =x(ia+n-l)+dxf
9. 10 continue

10. return
11J. end



APPENDIX B

FORTRAN LISTING OF SUBROUTINE CKASS



" PAGE I ON=ACDEILMNPQRSTVXZ 05/21/84 MX=v 07:26:58

1. subroutine cmass(a,b,c,d,xln,x2n)
c
c SUBROUTINE CMASS C. P. Luehr
C
c PURPOSE:
c
c This subroutine calculates the center of mass of the fluid portion

" c of a two dimensional partial island cell. The output is to be used
c by a finite difference fluid dynamics code which makes use of
- partial island cells along the rigid boundaries of the fluid region.
C With respect to a cartesian coordinate system (X,Y) in a plane,
c the partial island cell is a square having its corners at the points
c (0,0), (5,0), (0,5), and (5,5). The square is divided into two
c nontrivial parts by a straight line, which intersects the boundary
c of the square at two points. Each intersection point can either lie
c on a corner or divide a side into two segments of integer lengths.
c One part of the divided square is the fluid part. and the other is
c the island part. The fluid part is assumed to have a constant mass
c density one. The island part represents rigid solid material.
c A description of the cell is given by a descriptor word, abcd,
c where a, b, c, d are integers from 0 to 9 that describe the upper,
c right, bottom, and left sides respectively of the square. The
c possible values of a and c correspond to the configurations shown
c in Figure 1, where each unit segment of the form, o ----- o, bounds
c on the fluid part of the cell, and each unit segment of the form,
c ottitto, bounds on the island part of the cell. Similarly, the
c possible values of b and d correspond to the configurations in
c Figure 2. Examples of partial island cells are given in Figures 3,
c 4, 5, and 6.
c The center of mass, x = (xl,x2), of the fluid part of the cell is

. c calculated and expressed in terms of normalized coordinates
c (xln,x2n), in terms of which the sides of the square have length
C one.
c
c INPUT ARGUMENTS:
C
c ab,c,d -- descriptors of the top, right, bottom, and left sides
c respectively of the cell. Each one is an integer from 0 to 9.
c
c OUTPUT ARGUMENTS:
C
c xln,x2n -- the normalized cartesian coordinates of the center of
c mass of the fluid portion of the cell in units for which the sides
c of the cell have length one.
c
c METHOD:
c

. C In every case, the fluid part of the cell is a 3, 4, or 5 sided
c polygon, which can be obtained by removing a triangle from a
c rectangle. In some cases, the triangle may be a trivial triangle
c with all its. vertices lying on one line. The area and center of

Sc mass of the rectangle and of the triangle are found, and then used
c for the calculation of the center of mass of the polygon. The
c procedure is as follows:
c 1. First, it finds the corner q = (qlq2) of the cell which is
c at the greatest distance from the island port of the cell. If the
c two farthest corners from the island have the same distance from the
c island, then q is chosen to be the one closest to the origin 0 =

... * .
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C (0,0) of the coordinate system.
€ If the length ab5(d-5) of the fluid part of the left side is
, greater than or equa! to the length abs(b-5) of the fluid part of
, right side, then q is one of the endpoints for the left side, ie.,
c qi = 0. Otherwise, q is one of the endpoints for the right side,
c ie., qj 5. If the length abs(c-5) of the fluid part of the bottom
c side is greater than or equal to the length abs(a-5) of the fluid
C part of the top side, then q is one of the endpoints of the bottom
C side, is., q2 = 0. Otherwise, q is one of the endpoints of the top
c side, ie., q2 = 5.
c 2. It finds the point p = (plp2) such that q and p are opposite
c corners of the smallest rectangle containing all the fluid part of
c the cell and having sides parallel to the sides of the cell.
c If q1 = 0, then the fluid parts of the top and bottom sides, when
c present, are on the left. Then pl equals the larger of the lengths
c abs(a-5) and abs(c-5) of the top and bottom side fluid parts
c respectively. If qi = 5, then the island parts of the top and
c bottom sides, when present, are on the left. Then p1 equals the
c smaller of the lengths a and c of the top and bottom side island
c parts respectively. If q2 = 0, then the fluid parts of the right
c and left sides, when present, are on the bottom. Then p2 equals the
C larger of the lengths abs(b-5) and absCd-5) of the right and left
c side fluid parts respectively. If q2 = 5, then the island parts of
c the right and left sides, when present, are on the bottom. Then p2
C equals the smaller of the lengths b and d of the right and left side
c island parts respectively.
C 3. It finds the points v = (vlv2) and w = (wlw2) on the
c boundary of the cell separating the fluid and island parts of the

. c boundary, such that the sequence of points q, v, w defines a
c counterclockwise sense of orientation. The points v, p. W determine
c a right triangle contained in the rectangle, such that the removal
c of this triangle from the rectangle leaves the polygon which is
c exactly the fluid part of the cell.
c If q1 = 0, then v can only be on the left, bottom, or right side
c of the cell. Then v1 equals the length abs(c-5) of the bottom side
c fluid part. If qi = 5, then v can only be on the right, top, or
c left side. Then v1 equals the length a of the top side island part.
c If q2 = 0, then v can only be on the bottom, right, or top side.
c Then v2 equals the length abs(b-5) of the right side fluid part.
c If q2 = 5, then v can only be on the top, left, or bottom side.
c Then v2 equals the length d of the left side island part.
c If qi = 0, then w can only be on the right, top, or left side of
c the cell. Then wi equals the length abs(a-5) of the top side fluid
c part. If qi = 5, then w can only be on the left, bottom, or right
c side. Then wi equals the length c of the bottom side island part.
c If q2 = 0, then w can only be on the top, left, or bottom side.
c Then w2 equals the length abs(d-5) of the left side fluid part. If
e q2 = 5, then w can only be on the bottom, right, or top side. Then
C w2 equals the length b of the right side island part.
c 4. It calculates the area at of the triangle, and the position
c xt = (xti,xt2) of the center of mass of the triangle. The equation

* c for the center of mass in vector form is xt = Cv+w+p)/3.
c 5. It calculates the area ar of the rectangle, and the position -
c xr = (xri,xr2) of the center of mass of the rectangle. The equation
c for the center of mass in vector form is xr = (q+p)/2.
c 6. It calculates the center of mass x = (xlx2) of the fluid
o part, obtained by removing the triangle from the rectangle. The
c equation for the center of mass in vector form is

-0
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c x = (ar~xr-atxxt)/(er-at). The result is expressed in terms of the
c normalized coordinates (xlnx2n), where xln = xl/5, x2n = x2/5.

€

C 0----------- o - ---------- o ------ 0 0 0 0 0 0 0 0 0 0
c C # # # #

c .o0l#o ----- o ----- o ----- o ----- o I # # # #e
c : # # #
c 2 ollloIllo ...----- ----- ----- o 0 00 0 0 00 0 0 0
cI I I I I
C 3 o#Iol#loltItto .-----. o-..... - : - a # * t # I

c c I I # V - I
c 4 oltltlottllol lollllo ...------o 0 0 0 0 0 0 0 0 0 0* I I a I I

C 5 ol#l1lolllllolllllol#ll#o#llllo 0 # # # IC # I # V 3 I I

c 6 o ----- oltlolllllo2I9IIotto a a o 0 0 0 a 0 0

cII I I I I
C #.6 # 6 # # #

Sc I I I I I I
c 9---------- -------- ----#*###ot###Io 03 #3 #'1c 9o ----- a ----- o ----- o#.....olllllo 0 0 0 I 0 0I

cI # I
c 9: o---a--- o--- o--- o##I # # # #
C ' # # 3 #
c/: 0 0 0 0 0 0 0 0 0 0
C
c ac b,d ==> 0 1 2 3 4 5 6 7 8 9
C
c Fig. 1 Top or Bottom Side. Fig. 2 Right or Left Side.
C
C N fMff N M.N MMNM MN NMN MN NNN KMNMN N NNNNN NN

C
C ,

c qo ------- ----- ----- ----- ot# o o ---- o .---- o .---- o ----- o ----- oq€ I oliii
C o########

C 0 FLUID olllllllllllllo vo FLUID 0
c a############*##* ###

I. aaaaBS0B**BSIIIIIa I000001I

iF C 0 olllll1tl131llllllllo olll#ll##lo 0
C. a oliiiiiiiiiiiiiiiiiiiiiiii IIIIIIIIIIIIIVio

* I• aaollllllllllllllllllllllll IIII lllllla.C a 0...,.ww IMwIu, VV############

C s 0.uM..w.wuwuuuwwwvwu
c volllllllllllllllllllllllo ll oli ISLAND l##l####o 0
C IIIIIIIIIIIIIIIIIIIIIIII p III II#IIIIII

c oliiiii ISLAND lllllllllllII3o po#lll3lllllll1ll6ll3llll36lIIIowa IIIIII I*IIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

C 0oM131o1611 o1 1o33330 133  0o383 O3113 o M33 oMMMS3131c Oolllllollllilllll#olllllolllllo-- olllllolllllolllllolllllolllllo--

C X X
C
c Fig. 3 Cell with abcd : 9552. Fig. 4 Cell with abcd 0154.

........................................
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c

c-- ----- o###ta1to tt*o###o**tltap po33331O#3133o#3331o33I33o9t336ov

c o ott##I ISLAND ##o o#### ISLAND #######o 0

c 0 o######3o ot##333333o 0
c ol#t* 3#3##1o

c o## ##3
c a FLUID ov wo FLUID a

c

c 0 0 0 0
a

c 0- ------o------o------ ------0----------0----- 0----- o----- 0------0-----0--
c q x q X
c
c Fig. 5 Cell with abcd 6700. Fig. 6 Call with abcd 5007.
C

c
C

2. integer apb,cvd, qjpq2,p1vPpv1#v2,w1,w2
C
c Find the points q =(qlpq2) and p =(pl,p2).
C

3. qj cvmgp(0,5#abs(d-5)-ab5(b-5))
4a. q2 =cvmgpC0.5,abs(c-5)-abs(a-5))
5. P1 =cvmgz(max(abs(a-5).abs(c-5))Pmin~a~c),q1)
6. p2 = vmgz~max(abs(b-5),abs(d-5)),min(b,d),q2)

c Find the points v = Cvl,v2) and w =(wl,w2).
c

7. v1i cvmgz~ab5(c-5),ql)
8. v2 =cvmgz~abs(b-5),d,q2)
9. wl cvmgz(abs(a-5),c,qi)

10. w2 =cvmgz(ab5(d-5),b,q2)

c Find the area at and the center of mass xt (xti,xt2) of the
c triangle.
c

11. at 0.5*real(abs(v1-w1)Wabs~v2-w2))
12. xtl =real~vl+w1+p1)*0.33333333
13. xt2 real(v2+w24p2)*O.33333333

c
c Find the area ar and the center of mass xr (xrl,xr2) of the
o rectangle.
c
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*14. ar relasP-I*b~2q)
15. xrl real(ql+pl)*O.5
16. xr2 =real(q2+p2)*O.5

_ c

c Calculate the center of mass x = (xlpx2) of the fluid part of the

c call, and express the result in normalized coordinates (xln~x2n)&
c where xln =xl/5 and x2n = X2/5.
C

17. ra 0.2/(ar-at)
is. xln Car~xrl-at~xtl)*ra
19. x2n (ar~xr2-at~xt2)xra

*20. return
21. end
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INTRACAVITY ABSORPTION AND GAIN DETECTION

I. INTRODUCTION

When developing new laser systems, it is of fundamental

importance to have at one's disposal a sensitive method of

* gain detection. If one is planning to investigate a number

of potential laser systems, it is convenient if this gain

detection method has the versatility to be equally applied

*in all cases. The intracavity gain detection method is such
a technique. It has been shown to be very sensitive, capable

of measuring gains (or absorptions) as small as 104 and

can be equally well applied to both CW and pulsed systems.

Intracavity absorption and gain measurement techniques
were pioneered in the early 1970's.1 -6 All of these tech-

niques involve placing the gain or loss medium directly
inside the cavity of an operating CH or pulsed dye laser.

The enhancement of sensitivity relative to extracavity

* techniques is due primarily to two factors. 7 First, a photon

traveling inside the cavity will travel back and forth

between the resonator mirrors an average of i/Tout times,
where Tout is the transmittance of the output coupler. The

- probability that the photon will be absorbed (or amplified)
is, therefore, also increased by this factor relative to a

conventional extracavity single pass method. Secondly, at

threshold, the unsaturated gain in the probe laser medium

eiactly offsets the cavity losses. Thus, any gain or loss
* "introduced by placing the test medium inside the resonator

upsets this delicate balance either enhancing or attenuating

the output beam. Under these conditions, the probe laser

becomes extremely sensitive to small losses or gains intro-

duced into the cavity.

An expression may be derived7 describing the relative

S"change in the probe laser output power due to the intro-
duction of a small loss or gain, g. He have



A] III=Go0 ILcl(l+L cigl)-[IslG olLc-l)+I b3-  1

where G is the unsaturated gain, I is the satur-

ation intensity, Lc represents the cavity losses, and I is

the background intensity due to spontaneous emission. It is

easily seen that in the threshold limit, this expression

reduces to
lim (AI/I)=I g/(Lc +g)Ib  (2)
GoLc

Since, in general, Is>>I b, it is seen that near threshold
the laser becomes very sensitive to g. Note that this

equation is often derived under the assumption that Ib may7
be ignored. In this limit equation (2) goes to infinity.

The requirement of versatility is achieved by using a

dye laser as the probe laser which allows tuning to dif-

ferent wavelengths where gain or absorptions are to be
detected. Thus, one set-up may be used to detect small gains
or losses over the entire spectral region covered by the

particular dye laser in use. Equally important in gain

detection experiments is the observation that the wavelength

of the probe laser output will "pull" or "lock onto" the

fluorescence wavelength of the inverted test medium.1-3

This is illustrated in Figure 1, which depicts the

GAIN CURVE

F R 1

.I. FIGURE 1 - Pulling the probe laser output.J
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transmittance curve of the intracavity tuning element,

o in this case a Lyot filter. The probe laser oscillates

at A0, the wavelength of maximum transmittance of the

tuning element. (The point of maximum transmittance may be

tuned by rotating the Lyot filter about an axis normal to

the filter plane.) If gain is introduced at some other wave-

length, say A', then the laser will oscillate at this new

wavelength provided the gain is sufficiently large to

overcome the tuning element loss. This circumvents the

troublesome necessity of having to "perfectly" match the

probe laser wavelength to the gain medium flourescence. How

far the probe laser can be "pulled" is a function of the

magnitude of the gain introduced by the test medium.

II. OBJECTIVE

At a research facility such as AFWL where there is an

ongoing interest in the development of new laser systems, it

is important, and extremely convenient, to have ready access

to a sensitive and versatile gain detection technique. The

technique which most successfully fulfills these two

criteria is the intracavity gain detection technique.
The principle objective of this research effort was to

develop and test a sensitive gain measurement technique to

be used on candidate visible laser systems which were

potentially capable of being chemically pumped. The test

system chosen was iodine monofluoride, a system which has

not yet been lased upon chemical pumping but which shows
8considerable promise. He hoped to illustrate that the gain

*- . diagnostic was sufficiently sensitive to detect subthreshold

gain, and that it could be used to optimize conditions to

-. - obtain threshold gain values. The primary research objective

was broken up into a number of subobjectives. First,

preliminary experiments were to be done to determine the

sensitivity of the intracavity technique relative to cavity

N.



lifetime measurements. The cavity lifetime is a measure of

the average time a photon requires to "leak" out of the

optical cavity once it has been injected. Thus, if there is
a gain/loss medium in the cavity, the lifetime will be

lengthened/shortened relative to the empty cavity. Small

changes in cavity lifetime can be detected through amplitude
modulation techniques.9 110 These will be discussed below.

Secondly, we wanted to use whichever technique was found to

be most desirable to detect optically pumped gain on some
known systems. We proposed to characterize the technique not

only on CW systems, as had been done earlier by other

workers, but also on pulsed systems. Thirdly, we wanted to

use the gain detection technique as an optimization tool on

a chemically pumped system.

III. INTRACAVITY MOLECULAR IODINE ABSORPTION

To test the sensitivity of the intracavity detection

technique the experimental set-up shown in Figure 2 was

12 FLUORESCENCE
CELL Le!I..j AMETER E DE

NV

EXTENOED 3-ELEMENT
OUTPUT LOT FILTER
COUPLER O RIO CELL

10cm BSCI710MCELLK.R.
-~~ ~ -,-N .. .. -- ... - - ----

CHOPPER J. JET

coUPMIRROR

DEWAR FILLED .
CWITH MF FREON .

N2(1) TRAP

FIGURE 2 - Intracavity absorption apparatus.
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assembled. The test system chosen was molecular iodine. The

dye used in the tunable CR-590 CH dye laser (Coherent) was
rhodamine 590 and the dye laser was pumped with the 514.5 nm

output (multimode) of an Ar+ laser (Spectra Physics Mo.
* 164). The output coupler of the dye laser was extended 20 cm

to incorporate the 12 absorption cell. The 12 concentrationS
in the cell could be controlled by adjusting the temperature
of a cold bath (freon) in which a side-arm containing iodine
crystals was immersed. The 12 vapor pressure could be

adjusted from approximately 300 mtorr down to less than 10-

torr.

The 12 absorption lines which figure prominently in
the spectral region of the dye at room temperature (the

r temperature of the gas in the absorption cell) are shown in
Table 1, along with their relative intensity factors. The
relative intensity factor for a particular transition is
given by the product of the Franck-CondonI I and Boltzmann

* Rfactors, multiplied by 100. The calculated values for the 12
bandhead positions were obtained from a computer program
written by S. J. Davis. The experimental values were
obtained from an excitation spectrum taken with the
apparatus shown in Figure 2, with the intracavity cell

evacuated.

A typical intracavity 12 absorption spectrum was taken
as follows. The gas in the intracavity cell was allowed to
come to thermal equilibrium with the liquid nitrogen cold

trap. The dye laser was tuned to an 12 absorption line (by
noting the fluorescence maximum) and the pump power adjusted

so that the laser was operating just far enough above
threshold so that the output was stable. The steady-state
fluorescence level was then recorded and used as the
baseline. To maximize the sensitivity with which small

baseline changes could be detected, the offset option on the
chart recorder amplifier was used and the gain optimized.

4.
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,1vl-v" WL(obs) WLlcal) I.F. v'-v" WL(obs) k[L(cal) I.F.

14-1 584.4 584.5 0.47 9-2 611.1 611.2 0.12

16-2 584.8 584.9 0.31 7-1 611.5 611.5 0.022

13-1 588.0 588.1 0.37 12-4 614.6 614.7 0.021

15-2 588.2 588.4 0.33 10-3 614.8 614.9 0.12

12-1 591.7 591.7 0.27 8-2 615.4 615.3 0.076

14-2 591.7 591.9 0.33 11-4 618.7 618.8 0.034

11-1 595.3 595.5 0.19 9-3 619.0 619.1 0.10

13-2 595.3 595.5 0.31 7-2 619.5 619.6 0.044

12-2 599.3 599.2 0.27 10-4 622.8 622.9 0.044

10-1 599.3 599.3 0.13 8-3 623.3 623.4 0.077

13-3 602.9 603.1 0.11 6-2 624.0 624.0 0.023

11-2 603.0 603.1 0.22 9-4 627.0 627.2 0.048

9-1 603.1 603.3 0.077 7-3 627.7 627.8 0.052

12-3 606.7 606.8 0.13 8-4 631.4 631.6 0.046

10-2 607.0 607.0 0.17 6-3 632.1 632.3 0.031

8-1 607.1 607.3 0.043 7-4 635.9 636.2 0.038

11-3 610.7 610.8 0.13 5-3 636.8 637.0 0.017

TABLE 1 - Iodine absorption lines and the associated

intensity factors in the WL region of the R590 gain curve.

Valve V2 was then closed, isolating the absorption cell from

the liquid nitrogen trap, and Vl was opened and time allowed

for the system to come to equilibrium. Intracavity absorp-

tions were detected by monitoring corresponding intensity

changes in the flourescence. Typical data obtained in such

experiments is shown in Figure 3. 12 vapor pressures

of approximately 7x10-6 torr could be detected in this

manner at 599.2 nm. Assuming simultaneous absorption by the

overlapping 10'-l" and 12'-2" bands of the B-X transition,

this corresponds to detection of less than 100 12

molecules.

................*.................
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FIGURE 3 - Intracavity molecular iodine absorptions.

Intracavity molecular iodine absorptions were also detected

directly by observing changes in the dye laser output line

shape as a function of the 12 vapor pressure in the

absorption cell. The laser line shape was detected with a

1 meter scanning monochromator (GCA MacPherson Mo. 2051) in

-isecond order. Typical data are shown in Figure 4 for two

different bath temperatures. Note the large decrease in

relative intensity when the 12 vapor is let into the

absorption cell.

2. 2.06 0.6
0 tart P1 2 2XIO tort

1.0 1.O 0.3 0.3

599.30 599.40 599.50 539.30 599 40 599.50
A (no) A(n )

FIGURE4 - The effect of intracavity absorption on the probe

laser line shape.
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To compare the above results with those obtained from

an extracavity method the apparatus shown in Figure 5

was set up to measure changes in the cavity lifetime due to

molecular iodine absorptions. The phase of an amplitude

E. FN
MODULAO -ATOR To - O LOCK-IN

P.S. G E T AMPLIFIER

MDOULA'TOR

IRIS

POLARIZING
CRYSTAL
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VM IN-PHASE
LOCK-IN A V I
IAMPLIFIER VM U F HS

VACUUM 5 V2 FINGER aITH 12

UNERATR 
DEVVACUUME*To 

FUNCTIONU

TH MF FREON

N2 (1IRAP

FIGUR~E 5 -Phase modulation spectroscopy apparatus.

modulated beam will be shifted after the beam has passed

through an optical cavity. (This is the optical analog to

the phase shift introduced into an ac voltage upon passing

through an RC circuit.) The phase shift is given by

= tan-Tf (3)

* where T is the cavity lifetime and f is the modulation

frequency. The change in the phase shift, $', induced by

introducing a small loss or gain, g, into the cavity is

given by

tant' = -cg tanf/cg+Lt(l+tan 2f)3 (4)

where c is the speed of light and Lt is the intensity loss

per unit time of the cavity. With the modulation frequency

set at 200 kHz changes in the phase shift could be detected

for iodine vapor pressures of 8xl0 -4 torr. Thus, with the

...................
. . . . .
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set-up shown, the cavity lifetime method was nearly two
orders of magnitude less sensitive than the intracavity
technique. (This gap can probably be narrowed somewhat under

more ideal circumstances. The Coherent Model 317 electro-

optic modulator did not yield sinusoidal waveforms at these
frequencies, the waveform was more that of a sawtooth.

* .Presumably, this would introduce high frequency Fourier

components into the beam which would change the nature of
the phase shifts. Additional problems were encountered due
to a large decrease in modulation amplitude with increasing

frequency.)

IV. PULSED GAIN DETECTION

The apparatus shown in Figure 6 was assembled to detect
-- pulsed gain on various visible transitions of 12 and IF.

There are certain aspects of the apparatus which are crucial
i to the success of the measurement and which, therefore, need

to be discussed. First, the stock 3-element Lyot filter

supplied with the CR-590 dye laser was modified so as to

consist of only the single thickest quartz plate. The

a TRIGGER

12 SELEMENT

E FITRLE P FILTERPUMP

T TELESCOPE A IRRO

_ N MNDCIR. P mp

""U R¥ U IADI! - flkPUS

U I

.| 3

NWT PMTCIK

DUAL SAM DUL SEA

SCOPE CP
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DYE1 LASL LY I.SEV

FIGURE 6 - Pulsed intracavity gain detection apparatus.
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desired effect was to decrease the finesse of the filter.

This enables a given amount of gain (created in the cell by

the optical pump pulse) to pull the wavelength of the probe

laser output further because it has a smaller filter loss

to overcome (see the discussion in the INTRODUCTION). An

undesirable side effect is that this allows the filter to

pass more than one wavelength, each wavelength corresponding

to a different order of the filter. It is thus possible to

tune the single element Lyot filter such that two, or

sometimes even three, wavelengths oscillate simultaneously,

each separated by about 0.3 nm. (With the 3-element filter
the finesse is sufficiently high that all but one order is

suppressed.) This also causes the laser to tune discretly,

from order to order, rather than continuously.
Another important element of the apparatus is the long

*-. pass filter mounted at Brewster's angle to the optical axis

on the tuning element housing. This filter is necessary

because the Lyot filter is not sufficiently selective to

block the pump laser pulse. The pump power used to obtain

optically pumped gain for both 12 and IF is sufficient
to vaporize the dye jet if the long pass filter is not

inserted, thus severely interrupting the probe laser output.
This interruption occurs over a time period of hundreds of
microseconds, and completely masks the gain signal. It is
worth noting here that insertion of the filter is not

straightforward and a fair amount of effort is usually

required to achieve an orientation which introduces a

sufficiently small loss to allow the laser to come to
threshold. This orientational dependence of the loss

introduced by the long pass filter is not understood. Also,
the pump laser pulse bleaches the filter and its subsequent

recovery introduces a time dependent loss into the cavity.

However, this effect is not sufficiently large to interfere

with detection of the gain signal. It might be supposed that



the need to insert the long pass filter can be circumvented

* by pumping off axis with the pump laser. This was attempted

with little success. The technique is very sensitive to the

.* overlap of the probe and pump beams, and the magnitude of

the gain signal decreases too rapidly as the pump beam is

moved off axis to make such a solution viable.

The apparatus depicted in Figure 6 was used to detect

optically pumped gain on various flourescent transitions of

-* IF as follows. The probe laser was brought to threshold and

used to line up the pump laser beam on axis. (It is very

important to obtain maximum overlap of the two beams.)

Iodine and fluorine were then admitted into the intracavity

cell and the flows adjusted to maximize the IF chemilumi-

nescence at the desired total pressure. The probe laser was

tuned to the desired wavelength region with the aid of the

OMA (labeled detection system 3 in the figure). Detection

system 1 was then tuned to the bandhead of the fluorescence

Utransition that was to be probed for gain. The test medium
was then optically excited with the pump laser at a wave-

length of about 496.5 nm, which corresponds to pumping the

B(3')-X(0") absorption band of IF. (The 2'-0' and 4'-0"

* transitions were also frequently used.) The pump laser was

fine tuned to maximize the bright yellow side fluorescence

detected with detection system 2. Pulse powers ranged from

20 to 50 mjoules/pulse. The pulse rate was typically 0.3 Hz.

- - At this point gain pulses were usually obtained on both

detection systems 1 and 4. The spectrally resolved gain was

detected on system 1 and the unresolved gain on system 4.

* ,Scanning detection system 1 revealed that the gain pulse did

not come at any one particular wavelength but was spread

over a broad region of the band. The maximum width of the

region to which the dye laser could be pulled was typically

about 1.5-2 nm. The monochromator was usually scanned in

this region to find the wavelength where the gain was at its

* . . . . . . . . . 2*,.)*. . .
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maximum. This region became increasingly narrow as the probe

laser was moved further from the gain transition wavelength.

The unresolved gain could be maximized by tuning the probe

laser. If gain pulses were not immediately obtained

adjustment of the gas flows or pump wavelength was usually

required.

Figure 7 shows examples of data obtained in a pulsed

gain detection experiment. The upper traces show the gain

pulse and side fluorescence associated with the thermalized

B(O')-X(5") transition at 625.1 nm at a cell pressure of 32

torr. For this particular spectrum the probe laser was set

at 621.5 nm and detection system 1 was set to 625.4 nm (1 nm

bandpass). The lower traces show the gain pulse and side

fluorescence associated with the direct B(3')-X(7") transi-
tion at 622.9 nm. The total cell pressure was 2.5 torr. The

probe laser was set at 621.8 nm and the gain was detected at

623.5 nm. It was found that the direct gain disappeared at a

total cell pressure of about 4 torr and that thermalized
13

gain onset at about 5 torr. Attempts to detect both direct

and thermalized gain at the same cell pressure were not

successful. The dye laser pump beam was blocked and it was

GAIN
O'-S" 32 trr.

FLUORESCENCE

GAIN

3'-7" 2.5 tw
FLUORESCENCE

I I I l I

0 4 8 12 16 20
uSEC

FIGURE 7 - Thermalized and direct IF gain pulses.
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confirmed that the optically pumped IF could not be lased

without the assistance of the dye laser for either

transition. Thus, for the dye laser cavity the gain detected

was subthreshold. Note that lasing has previously been

achieved on both of these transitions.
12 "13

0 Note that the spectra shown in Figure 7 were taken with

a "slow" plug-in amplifier (HP 7A22 - 1 MHz bandpass, 350 ns

rise time) in the HP 7844 oscilloscope, and do not show the

accurate time evolution of the gain or fluorescence pulses.

The slow plug-in was chosen because of its sensitivity; its

use made the gain pulses very easy to detect. To follow the
time evolution of the pulses an HP 7A19 plug-in amplifier
was used (400 MHz bandpass, 0.9 ns rise time). To gain

sufficient intensity the signal had to be amplified before
it was fed into the oscilloscope, and a HP 461A amplifier

was used for this preamplification. Figure 8 shows an

example of a thermalized B(0')-X(5 ") gain pulse detected

with this "fast" system. The cell pressure was 21 torr. The

probe laser was set at 620.5 nm and the gain was detected at

-:625.2 nm (1 nm bandpass).

* IF B(O'.X{5") GAIN PULSE
h I14 GAIN PULSE

Pcel =21 torr - 20 mtorr 12
Xprobe = 62051 Xprobe = 59821
XMon 2521 Xmon = 59461

PUMPED AT-49651 PUMPED AT-51291

0 2 4 6 a 10 2: : ' - .a e c I s c

FIGURE 8 - Example of optically pumped IF and 12 gain pulses
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The pulsed IF side fluorescence was briefly studied

using D.S.2 of the gain detection apparatus (Figure 6) with

the "fast" electronics option described above. Figure 9

shows a plot of the intensity rise time of the fluorescence

pulse versus v', the vibrational level from which the

fluorescence originates. The IF was excited into the B(3')

state at 496.5 nm. The B-X transitions examined were the

3'-ll, 21-9", '-7", and 0'-4". The total cell pressure was

held constant at 33 torr. The increase in the time required

for the onset of fluorescence with decreasing v' reflects

the longer time required for the vibrational levels further

away from the initially populated level to achieve popula-

tion through thermalization processes. Fluorescence emission

from vibrational levels with v'>3 was not observed.

V1 vs FLUORESCENCE RISE TIME

3 *Pcel =33 torr

V1  2

r,.1 ""

0U

0.5 1.0
j.sec.

FIGURE 9 - IF B-X fluorescence rise time as a function of v'

Figure 10 shows a plot of the intensity rise time of the

2'-5" fluorescence as a function of the total cell pressure.

Here again we see the expected trend. As the pressure is

increased the rise time becomes shorter due to the fact that

the collision frequency, and thus the rate of thermalization

down to the 2' level, is increased.
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a'FLUORESCENCE RISE TIME
Ys CELL PRESSURE FOR

1.0 B(2')--X(5") IF FLUORESCENCE
. EXCITED AT 4965 [8(3')-X(O"
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UjU

0 10' 20 30

Pcel (torr)
FIGURE 10 - IF B(2')-X(5") fluorescence rise time as a

r function of total cell pressure.

' -The intracavity gain detection method provides a

straightforward way to make estimates of absolute gain. As

* discussed in the INTRODUCTION the gain "locks" the dye laser

* output onto the wavelength of the inverted transition when

the gain is of sufficient magnitude to overcome the losses

introduced by the birefringent tuning element (Lyot filter).

Thus, if the loss curve of the Lyot filter is characterized

Ithis should allow us to estimate the magnitude of the gain

by measuring how far it can "pull" the probe laser

wavelength. The loss curve was determined by measuring the

relative throughput intensity of a He-Ne laser beam as a

function of the venier setting of the tuning element. Thus,

if we deterimine how far the gain will pull the probe laser

output in terms of venier units, we can use the curve to

estimate the percent loss the gain had to overcome in order

to reach threshold at the locked wavelength. Typically, the

- thermalized IF gain could be made to pull the probe output

from 5 to 6 nm (0.23-0.28 venier units). This corresponds to

. :-a net gain of from 0.4 to 0.5%, or a gain coefficient of

about 0.01%/cm for our experimental conditions.

S
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Up to this point, we have avoided mentioning any

specific problems encountered in applying the intracavity

gain detection technique to a pulsed system. However, one

problem in particular deserves discussion. This has to do

with the existence of competing absorbing species in the

test cell. In CW gain detection these losses would be

compensated for by the dye gain and therefore would not be

distinguised from any other steady state loss, such as

mirror transmittance. However, in pulsed gain detection

these absorptions give rise to probe laser intensity

fluctuations which occur on the same time scale as the gain

pulse, often distorting or obscuring its lineshape. For

example, under the conditions favorable for gain detection

on IF fluorescence it is easily seen, through intracavity

absorption spectroscopy, that there is a relatively high

concentration of unreacted 12 present. 12 absorbs in

the blue, where one typically pumps IF, and predissociates

into ground state atomic iodine (2P ) and excited state

atomic iodine p2 ).14,15 That such absorption occurs

is easily verified through the detection of I* fluores-

cence, at 1.3156 microns. Subsequent to the pump pulse, the

sudden absence of the absorbing species due to dissociation

causes the probe laser to turn on harder giving rise to a

pulse which decays back to baseline after 1-2 msec. We

presume that this is the amount of time required for fresh

iodine vapor to diffuse back into the probe volume. When

fluorine is added to the cell to make IF these effects are

reduced in magnitude but are still present. They give rise

to "false" gain pulses which occur anywhere from 15 to 100

microseconds after the intial IF gain pulse. Sometimes these

pulses last for as long as 0.5 msec. Because the probe laser

will shift due to the presence of a wavelength selective

absorbing species, in this case 12 its sudden absence

::2
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will also give rise to anomalous pulling effects. Initially

0it was supposed that the presence of these long "gain" tails

may constitute evidence of chemical gain, suggesting that

the Ik was acting as an energy reservoir and was pumping the

IF or assisting the chemical production of IF(B). The

unusually fast decay of the I* fluorescence is most likely

due to its reaction with molecular iodine to form vibra-

tionally hot 12 and ground state I (k=10 1 1 ).1 6  It was

thought that this vibrationally hot 12 might react through

some mechanism to form some excited electronic state of IF

which eventually ended up in the B state. However, because

of the conspicuous absence of any side flourescence to match
the "gain" tails these arguments were dismissed. The most

Uof
likely explanation of the presence of the "tails" is that

they are manifestations of the transient iodine concentra-

tions in the probe volume. The details are not yet under-

stood and further investigation is warranted.

It should be noted before continuing on to the section

on CW gain detection that pulsed 12 gain was also

detected (Figure 8). 12 was pumped at a wavelength of

about 512 nf, corresponding to absorption into B(45') state.

Gain was detected at 594.6 nm. It is estimated that the 12

pressure in the cell was around 20 mtorr. The gain pulse

reached maximum intensity after about 220 nsec and was

relatively strong (it could be detected at this wavelength

over a probe laser wavelength range of more than 12 nm). The

addition of He buffer gas effectively quenched the 12 gain.

No "tails" were observed following the 12 gain pulses.

However, as mentioned above, when the pump laser was scanned

to the region where the IF was pumped, anomalous pulses and

tails similar to those seen in the IF gain spectra were

detected.

S"
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V. CW GAIN DETECTION

The apparatus assembled for the CH gain detection

experiment was similar to that shown in Figure 6. The major

difference was that a CW laser was substituted for the

Phase-R DL-1400 dye laser and detection system 4 was modi-

fied to include a 1/3 meter monochromator (GCA MacPherson

Mo. 218). The output of the PMT coupled to this monochro-

mator was detected using a PAR Mo. 124A lock-in amplifier, a

chopper having been inserted into the pump beam of the probe

laser. Also, the long pass filter was removed from the

cavity since any steady-state losses due to competing

absorbing species can be compensated for by supplying more

gain from the dye. However, one complicating factor is

introduced by removal of the filter; the gain pump laser

also pumps the dye. In fact, under certain conditions it is

possible to lase the probe laser by pumping the dye through

the nutput coupler with the gain pump laser, the probe laser

pump laser having been shuttered off. Thus, under normal

operating conditions enhancement of the probe laser output

comes not only from the gain created in the test medium but

also from this extra source of dye gain. In practice, this

poses no problems so long as the gain pump laser power

hitting the dye jet is kept small compared to the dye laser

pump power and one uses wavelength pulling as the criterion

for gain detection and not just probe laser output

enhancement.

CW gain on the B(43')-X(13") transition of molecular

iodine was readily detected with about 20 mtorr of 12 in

the cell and pumping the B(43')-X(O") 1 2 absorption

band with the 514.5 rn line of an Ar4 laser (single mode

power 400 mW at the head). As in the pulsed gain experiment,

it is crucial to line up the pump laser so that maximum

overlap of the beams is achieved. An example of the data

. .....
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* FIGURE 11 - CW 12 gain on the B(43')-X(13") transition.

collected is shown in Figure 11. At these power levels the

probe laser can be "pulled" approximately 1.7 nm, corres-

ponding to a net gain of about 0.1 to 0.2%, or a gain

*" coefficient of about 0.002%/cm for these experimental

conditions. We should note that as the probe beam is tuned

1 closer to the gain transition a greater percentage of the

probe power is locked onto the transition wavelength. It

* .should also be noted that for a given probe power a greater

percentage of the probe beam can be "pulled" by increasing

* the 12 pump power. Gain could be detected on the 43'-13"

.-transition for gain pump powers down to about 80 mN. Under

these conditions the dye laser output could be pulled only a

*. few angstroms, corresponding to a net gain of about 0.02% or

a gain coefficient of about 0.0003%/cm. At gain pump powers

of about 2 watts the probe laser could be pulled as far as

2.5-3.0 nm. The CW 12 gain was effectively quenched by

S..adding He buffer gas to the system. Gain could not be

detected for buffer gas pressures above about 1.9 torr.

b!e:e
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From the above results we estimate that the intracavity

gain detection apparatus shown in Figure 6 can be used to

detect net gains of around 10 - 4 , or 0.01%. These numbers

agree well with those obtained by Truesdell et al. who

estimated the minimum detectable gain for their system based

on calculated gain coefficients for the transitions

considered.

VI. ATTEMPT AT DETECTING CHEMICALLY PUMPED GAIN

The experimental apparatus shown in Figure 12 was

assembled in an attempt to detect chemically pumped gain

using the intracavity technique described above. The appar-

atus was set up around the RECOIL device (a chemically

pumped atomic iodine laser) located at the Chemical Laser

Facility at AFWL. The flow chamber of this device was fitted

with moveable Brewster windows which could be translated

so that different points in the flow could be probed.

Chemically pumped molecular iodine is produced in the

immediate downstream vicinity of the iodine injection rake.

It appears as an intense yellow-orange flame extending a few

centimeters downstream from the rake. A fluorine line was

added to the RECOIL device upstream from the cold trap so

~~HCOPE

02(' )FLOI SCATTER PLATE

Lt01 FILTER 12 INJECTION 1 POTO* OI

DYE COUPE""

Ar~~Vm Rsm . N

PUMP EAN CHRT
RE CORDERS

FIGURE 12 - Chemically pumped gain detection apparatus.
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that chemically pumped IF could be produced in the flow.

The yellow IF flame filled the entire volume of the flow

chamber. The pumping agent for these experiments in 02 (lA)

produced in the generator of the RECOIL device. The RECOIL

generator was run under conditions such that 02(A) yields

! were between 20 and 35%. The pressure in the 12 cell was

held at around 30 torr giving rise to flow rates of about

6X10-4 moles/sec.. For those runs where IF was produced an

F2 flow rate of about 103 sccm was used to roughly match

the iodine flow.

Figure 13 shows the results of an attempt to measure IF

gain approximately 10 cm downstream from the iodine flame,

at the extreme downstream edge of the reactor viewing port.
k: The various reactor parameters are listed in the figure. The

probe laser wavelength was set at 603.3 nm to overlap the IF

" .B(O)-X(4") emission. The presence of this emission was

verified earlier and both optically pumped pulsed and CW

* gain has been detected on this transition using the above

outlined procedures. It is apparent that the probe laser is

sensitive to the presence of the molecular iodine at this

wavelength, however, no detectable change in the baseline

• .- (IF 9(o')-1(4"2
PROBED DO STREAM

3.75 02(C)

p. S. I.

a

a PROBE LHSE SC"ANED

TINE

FIGURE 13 - Result of attempt to detect chemically pumped IFH" gain using the modified RECOIL device.
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intensity is observed when fluorine is introduced into the

flow and IF emission initiated. The baseline fluctuations

subsequent to the introduction of F2 to the flow come

from scanning the probe back and forth over a 1 nm range and

are seen even in the absence of the F2 flow. The IF gain

measurement was again attempted with the probe beam shifted

upstream so that it passed through the last third of the 12

flame with virtually the same result. These results indicate

insufficient IF number density. This assertion is supported

by the fact that the IF chemiluminescence fills the entire
volume of the flow chamber, approximately 2 liters. If the

IF production and excitation could be confined to a smaller

volume relative to the probe beam volume, gain detection

would be more feasible.

Figure 14 shows the results of probing the 12

B(9')-X(l") transitionat 602.5 nm in the 12 flame. As

expected, the transition is absorptive since there is little

probability that a population inversion can be achieved

between these two levels. However, as shown in Figure 15,

when probing the B(43')-X(13") transition at 611 nm under

nearly the same experimental conditions, the probe laser

intensity momentarily rises well above baseline, which may

M-"P IND I 1
2 

fLAME

IN
Tw

FIGURE 14 - 12 B-X intracavity absorption spectrum taken on

chemical gain detection apparatus.
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indicate gain on this transition. This feature repeated on

:lii

the subsequent run, which, because of reactor conditions was
S the last run of the day. To date, we have not been able to

get time on the RECOIL device to try to reproduce this

r: result.

i VII. RECOMMENDATIONS

First and foremost, the attempts to detect gain on a

chemically pumped system should be pursued. Efforts should

first be directed at reproducing the preliminary oxygen-
pumped I results outlined above. Secondly, efforts

!- should be renewed at detecting oxygen-pumped IF gain. The

preliminary result, that the IF number density is too small
. to give rise to detectable gain or absorption, should be

tested. If this is indeed found to be true, attempts to

speed up the reactions and thus confine the excited IF

molecules to a smaller volume could be made. For example,
it is well known that the reaction of 12 with F2 to form IF

Sis very slow (l.9x10- 5 cm2/s).8 ,17  The IF production rate

.....

-" ".* . *. *.

...........................



IIF

could be speeded up considerably by passing the fluorine

through a microwave discharge and reacting the 12 with Fis
atoms. This would then leave the oxygen excitation process

as the rate determining step. If this reaction is too slowOr

to produce sufficient number densities, other excitation

sources, such as A-state nitrogen, need to be tried.

Another aspect of this project which deserves further

attention is the effect of 12 absorptions on the optically

pumped IF gain pulse. In the CH mode these absorptions are

compensated for by the dye laser gain. However, as mentioned

above, in the pulsed mode transient 12 absorptions exist
which often occur on a time scale commensurate with the gain

pulse. Thus, the IF gain pulse lineshape is often distorted,

sometimes having a long tail when detected at certain wave-

lengths. The role of transient molecular iodine absorptions

in originating this tail is not clearly understood. This

role needs to be clarified.

Finally, the material presented above demonstrates the

versatility and sensitivity of intracavity spectroscopic

techniques. These techniques have general applicability, not

only as gain diagnostics, but also in the more general study

of the transient and steady-state populations of both ground

and excited state species in optical resonators. Such

studies should provide valuable insight and guidance in

developing and troubleshooting new laser systems.

. . . .~~~~ ~ ~ ~ ~ .*•.. . * * * *~*- *~ *
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CHAPTER ONE: SOURCES OF TRANSIENTS

NATURE OF ELECTRICAL OVERSTRESS PROBLEM

Because many modern semiconductor devices (small signal transistors,

integrated circuits) can be damaged by potential differences that exceed about

20 to 40 volts, the survivability of modern electronics Is limited. Modern

electronic technology has tended to produce smaller and faster semiconductor

devices, particularly high-speed digital logic, microprocessors, metal-oxide-

r semiconductor (MOS) memories for computers, and GaAs FETs for microwave use.

This progress has lead to an increased vulnerability of modern circuits to

damage by transient overvoltages, owing to the inability of small components

3 Wto conduct large currents.

o* - Smaller devices make a more economical use of area on silicon wafers and

decrease components cost. These smaller devices also have less parasitic

capacitance and are therefore faster. However, (in very simple terms) devices

fall when the current per unit area becomes too large. The magnitude of

transient currents is determined principally by external circuit parameters

(e.g. the nature of the source, characteristic impedance of transmission

lines, resistance and inductance between the source of the transient and

b vulnerable circuit, etc.) Smaller devices obviously have less area, and are

thus more vulnerable to damage from a current of a given level.

Transients in electronic circuits can arise from any of several causes:

p '
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1. Lightning

2. Electromagnetic pulse produced by nuclear weapons (NEMP)

3. Electrostatic discharge (ESD), triboelectricity

4. Switching of loads In power circuits

These transients can be coupled to vulnerable circuits in two different ways:

1. Direct injection of current, for example: a lightning strike to a

conductor

2. Effects of rapidly changing electric and magnetic fields, for

example: Induced currents from nearby lightning or NEMP.

Even without the highly vulnerable modern semiconductors, the transients

in our world have an awesome capability to damage equipment. For example, a

high-altitude nuclear explosion in 1962 produced an electromagnetic pulse that

caused fuses in street lights to open, and burgular alarms to go off In

Hawaii, which was over 800 miles away (Glasstone and Dolan, 1977, p.523).

Therefore, transient protection techniques are necessary to prevent

catastrophic damage to electronic equipment from any of several different

causes.

In general, protection techniques can be divided into three classes:

1. shielding and grounding

2. filters

3. non-linear transient protection devices 
J
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Shielding, while Important, is not sufficient protection against

* :electromagnetic fields from lightning or nuclear weapons because compromises
in the Integrity of the shield must be made (e.g. windows In aircraft, long

lines must enter the shielded volume to supply electric power and carry

communication signals). Varlou shielding and grounding techniques are covered

In detail in books by Ott (1976), Morrison (1977), and Ricketts, Bridges, and

Miletta (1976) and in government reports by Lasitter and Clark (1970), and

Sandia Laboratories (1972). The design of filters is covered in many

electrical engineering text and reference books. The emphasis in this report

is on the third class of techniques, non-linear transient protection devices.

S..- This report discusses the properties of various components that are useful for

transient protection and gives examples of simple circuits that are effective

in protecting representative electronic devices.

In the remainder of this chapter, we discuss various sources of

* transients, including laboratory simulations of "real-world" transients. This

discussion is deliberately concise: interested readers will find a more

-. detailed account in the references that are cited.

LIGHTNING

* The physics of the lightning discharge have been reviewed by Uman (1969)

and Uman and Kreider (1982). There are two common forms of lightning: cloud-

to-ground lightning and intracloud lightning.

. p

: Cloud to ground lightning begins when a highly ionized plasma, called the

S"
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"steppea leader," propagates from a thundercloud toward the ground. When the

leader Is within about 50 metres of the ground, another electrical discharge,

* which is called a "streamer", propagates upward from the ground and

establishes a highly conducting path between the ground and the stepped

leader. At this time an arc current, called the "return stroke", flows from

the ground up the ionized channel into the thundercloud. The return stroke

produces the intense luminosity that is seen as lightning. At the end of a

return stroke, a "continuing current" on the order of 100 A flows in the

channel. This continuing current can have durations between a few

milliseconds and half a second. After a few tens of milliseconds or more,

another leader can travel down the same Ionized channel toward the ground and

produce a second return stroke. This process can repeat itself several times.

The entire event is called a "lightning flash." One flash typically contains

between three and five leader-return stroke sequences. Most lightning

research has been directed at understanding the return stroke process in a

* cloud to ground lightning flash.

The following list summarizes some of the major parameters in cloud to

ground lightning flashes.

PARAMETER TYPICAL VALUE WORST-CASE VALUE -

Peak return stroke current, I 20 kA - 100 kA

Total charge transfer 20 coulombs

Rise time of return stroke 0.2 us C?)

dI/dt of return stroke 1011 A/s

* .'. . . . . . . . . . . . . . . . . .... . ' 5 , < '. , ,. , ". •. . . . . . .. . ..
" ' ' " "; 'z" '''L mJil i = ' ,'-'. . "'"" '" "-''-'::' ; ,-, "; ,-', . ".',":.:, :i. .'.-,-.,. .,.,-.-.
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Risetimes of the order of 1 us are commonly reported in the older literature.

These values for the rlsetime are probably too large, owing to inadequate

bandwidth of recording devices (e.g. tape recorders, oscilloscopes) and

electronic signal processing circuits. Even when oscilloscopes with adequate

bandwidth were used, the sweep rate was usually set to a relatively slow rate

In order to capture most of the return stroke waveform. Therefore, data on

sub-microsecond risetimes could not be obtained. Recent measurements with

faster electronics, rapidanalog-to-digital data conversion, and storage in

semiconductor digital memories has revealed rise times on the order of 0.1 s.

These data may still suffer from limited bandwidth.

The combination of a 20 kA peak current and a 0.2 Us rise time implies a

- value of dI/dt of 1011 A s- 1. This large value of dI/dt implies that

transient protection circuits must use radio-frequency design techniques,

particularly consideration of parasitic inductance and capacitance of

conductors.

While the tens of kiloampere peak currents In cloud to ground lightning

are certainly impressive, one should recognize that the bulk of the charge

transferred by lightning flashes occurs during the continuing currents, which

are usually between 50 and 500 amperes. The continuing current is responsible

for much of the damage by direct strikes, including arc burns on conductors

and forest fires (Fuquay, et al., 1972; Brook, et al., 1962; Williams and

Brook, 1963).

Weidman and Kreider (1977) have measured the electric field from stepped

leaders, and report a mean rise time on the order of 0.3 Us, and a full-width

- -o' . .... -... %... . *, . . ...... . . .
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at half maximum of about 0.5 Us. They estimate that the peak leader currents

are typically between 2 kA and 8 kA when the leader is near the ground. This

is of particular importance to aircraft and missiles In flight, since these

vehicles may be near a leader.

In contrast to cloud to ground lightning, rather little is known about

the properties of intracloud lightning. Measurements of lightning strikes to

instrumented aircraft often show peak currents of a few kiloamperes (Thomas

and Pitts, 1983). The presence of the aircraft probably "triggers" many

lightning events that would otherwise not have occurred. Nevertheless, data

obtained in this way are certainly relevant to assessments of lightning

hazards to aircraft.

EMP FROM NUCLEAR WEAPONS

When a nuclear weapon is detonated a very large flux of photons (gamma

rays) are produced. These photons interact with air molecules through the

Compton effect to produce pairs of electrons and positive ions. These charged

particles are turned by the Earth's magnetic field to produce an

electromagnetic field. This field is known as an "nuclear electromagnetic

pulse" (NEMP, or more commonly, EMP). The physics of the generation of

nuclear electromagnetic pulse has been reviewed by Bell (1975), Longmire

(1978), and by Glasstone and Dolan (1977, p.514-540).

EMP from the detonation of nuclear weapons above the atmosphere (altitude

greater than 30 km, typically between 100 and 500 km In altitude) produces a

particularly intense pulse that illuminates all objects on the surface of the

I *~I ~ -- -~ -.
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' -1 earth, or in the lower atmosphere of the earth, within line of sight of the

* weapon. A burst 300 to 500 km above Kansas would illuminate most of the

* United States of America (except Alaska and Hawaii). This pulse is known in

* . military jargon as HEMP, for "bigh altitude nuclear electromagnetic pulse."

The analytical expression for the unclassified HEMP waveform is given by Eqn.

1, where E Is the electric field In units of volts per metre, t is time in

seconds, and H is the magnetic field in amperes per metre (Stansberry, 1977).

-*- Et) - 5.25x004 (exp(-4xlO 6 t) - exp(-4.76x108 t)] (1)

H(t) = E(t)/377

- It is important to recognize that Eqn. I Is a simple model that is

representative of HEMP. The details of the EMP waveform may vary depending on

type of weapon, explosive yield, altitude of burst, and distance between the

burst and observer. This EMP waveform given in Eqn. 1 is plotted on two

different time scales in Fig. 1-1. As shown In Fig. 1-1, the EMP waveform is

a pulse with a (10% to 90% of peak) risetime of about 5 nanoseconds, a

duration of about a microsecond, and a peak electric field of 50 kV/m.

HEMP is a particular threat to systems that depend on electrical power or

data that are carried on long lines. This Includes nearly every civilian and

many military systems. The peak current in overhead lines may be on the order

of 10 kA (Vance, 1975; Glasstone and Dolan, 1977, P.530). Considerable

- -shielding from high-altitude EMP can be obtained by burying the cable In the

ground. However, depending on soil conductivity and depth of burial, peak

currents are predicted to be between a few hundred amperes and a few thousand

2 1-
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amperes. Such currents are not negligible.

HEMP may also adversely affect aircraft and missiles In flight. The

electromagnetic field changes produce skin currents that excite resonances in

the aircraft. The resonance frequencies are generally between 1 MHz and 20

MHz. The electromagnetic field from skin currents, in turn, induces currents

in cables inside the wing and fuselage. In an independent process,

transducers and antennae on the exterior of the aircraft are illuminated

directly by the electromagnetic field from lightning or HEMP. Electronic

circuits that are connected to these transducers or antennae may be exposed to

relatively large transient currents.

The EMP from surface bursts, In contrast to high-altitude bursts

described above, is confined to a relatively small region, about 3 km to 8 km

in radius (Glasstone and Dolan, 1977, p.517-8). This region will also be

affected by blast and thermal radiation. However, surface burst EMP is still

an important problem for hardened targets (e.g. underground missile silos, and

* - command bunkers). Combat troops, who are far enough from ground zero to

survive the blast, may have their electronic equipment destroyed or degraded

by EMP. Furthermore, EMP from surface-bursts will produce large transient

currents on both overhead and buried cables (e.g. power lines, telephone

lines, etc.). These transient currents could travel far from the region of

the burst and cause damage to facilities that would not be affected by the

blast or heat from the burst. There is no standard waveform for surface-burst

EMP because this phenomenon Is strongly dependent on the type of weapon,

*explosive yield, altitude of burst, and distance between the burst and

observer. In general the electric field has a risetime of a few nanoseconds

p.+
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to a positive peak, followed by a negative peak after a few tens of

% microseconds. Surface-burst EMP has relatively more energy at frequencies

below 100 kHz than does EMP from bursts above the atmosphere.

Little unclassified information is available on the effects of EMP on

modern electronic systems. Weapons tests in the 1950s and 1960s were mostly

concerned with damage from blast and thermal radiation from detonations In the

lower atmosphere or at the earth's surface. At long ranges, the magnitude of

EMP from such tests Is small, compared to that from bursts above the

atmosphere. Also, electronic systems in use by the military during that time

employed vacuum tubes, not semiconductor Integrated circuits. We now

recognize that Integrated circuits are many orders of magnitude more

vulnerable to damage by EMP than vacuum tubes. .j

Most of the unclassified data on NEMP from exo-atmospheric bursts comes

from the STARFISH PRIME test, 8 July 1962 at about 23 h Hawaii local time. A

1.4 megaton device was detonated at an altitude of 400 km above Johnson Island

(Glasstone and Dolan, 1977, p.45, p.523). Considerable disruption occured In

civilian systems In Honolulu, Hawaii as a result of NEMP from this burst. In

particular, "hundreds" of burgular alarms were activated by NEMP, and many

circuit breakers or fuses were opened.

Modern systems may be much more vulnerable to damage by NEMP owing to the

increasing use of integrated circuits. One anecdotal report (Science News, 30

May 1981, p.344) states that waves from an EMP simulator managed to damage

electronic ignition systems In automobiles, so that the cars would not start

after the tests.
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ELECTROSTATIC DISCHARGE (ESD)

Electrostatic discharge (ESD) is a widely recognized hazard during

shipping and handling of many semiconductor devices. Semiconductors that are

especially sensitive Include those that contain unprotected metal oxide

semiconductor field effect transistors (MOSFETs), semiconductors for use at

microwave frequencies, and very high speed logic with switching times on the

* order of 2 ns or less. In response to the ESD threat, most semiconductors are

routinely shipped in containers that are made of conductive material. A less

- f suitable, but commonly used, method of protection is to use plastic containers

that have been treated to reduce triboelectric charging, the so-called

"antistatic treatment." In addition to these shipping precautions, assembly

line workers are grounded, use grounded soldering irons, ionized air blowers,

and other techniques to avoid applying large potential differences to

- ,semiconductors during assembly. ESD continues to be a problem for many

circuits after assembly: these completed circuit boards are shipped in

conductive bags to avoid damage.

M ost of the anti-ESD technology has been concerned with damage that

occurs during shipping and assembly of vulnerable devices. However, ESD is

still a hazard to many electronic systems during normal use. Any person who

walks across a carpet and touches a keyboard of a computer terminal may damage

the electronics inside the keyboard. Conventional techniques to avoid this

hazard are to install conductive carpets or mats near computer terminals, or

to routinely spray regular carpets with anti-static chemicals. These

techniques require a 'unscientious and knowledgable user of equipment.

.! * . . . .
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The electrical waveform involved In ESD is a brief pulse, with a rise

time of a few nanoseconds and a duration of 0.1 us to 0.3 us (Tucker, 1968).

The peak potential difference can be as large as 30 kV, but Is more commonly

0.5 kV to 5 kV. If the ESD source Is a charged person, the person can be

modeled approximately as a 150 pP capacitor In series with a 1 kA resistance.

This model allows us to estimate the available energy and current In ESD from

charged people. If the potential difference between earth ground and the

person Is 1 kV, then the energy stored in the capacitor Is about 75 3 J.

AC POWER FOR BUILDINGS

Buildings that are served by an overhead AC power distribution line have

a major transient protection problem. The overhead line can be struck

directly by lightning. The overhead line will also act as a very long antenna

for electromagnetic field changes due to lightning and NEMP. These transients

can be attenuated (but not eliminated) by burying the AC power line.

If lightning should strike the overhead power line outside of a building,

not all of the lightning current will travel into the building (Martzloff,

1980). Part of the lightning current will travel down the line away from the

building, part will flow to ground at the nearest distribution transformer,

part will travel down the pole that got struck. In addition, some of the

lightning current may be shunted to ground by arcs between the overhead wires

and adjacent trees. Despite this current division, a lightning strike on an

overhead power line can be a disaster for electrical equipment Inside nearby

buildings.

. 1 -
. . . .. . . . . . . . . . . . . .
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* AC power lines also have transient overvoltages from switching of

reactive loads (e.g. motors, capacitors for correction of power factor).

Martzloff and Hahn (1970) found that a 1.4 kV to 2.5 kV peak transient was

Injected Into the 120 Vrms power line when the ignition system of an oil

furnace fired.

Martzloff and Hahn (1970) report that failures of electric clock motors

dropped to 1% of the previous value when the manufacturer increased the

Insulation level from 2 kV to 6 kV. This implies that there are a

considerable number of transients on 120 V rms power lines with peak voltages

that are greater than 2 kV, but less than 6 kV.

In the absence of transient protection devices (e.g. lightning surge

arresters, varistors), the maximum transient voltage inside a building on 120

V rms branches is limited to between 6 kV and 10 kV by insulation breakdown in

the wiring and devices (e.g. outlets, circuit breaker boxes, etc.).

The cables that carry the electric power from the circuit breaker panel

" near the point of entry to the wall outlet will act as a transmission line

with a characteristic Impedance (sometimes called "surge impedance") during

the initial part of the transient. Typical values of this characteristic

* impedance are between 100 0 and 300 0 (Martzloff, 1983; IEEE Std 587-1980,

section 8.7). The voltage limit described in the previous paragraph and the

characteristic Impedance together limits the initial current to less than 100

A (e.g. 6 kV/100 0 - 60 A). Since the initial wave travels at about 200 m/us,

and most indoor cables have a length of less than 200 metres, transmission

7.. 1o
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line concepts will govern only the first few microseconds of a transient.

Thereafter, the transient current depends on the load impedance and nature of

the transient, not the characteristic Impedance of the cable. Peak currents

of a few kiloamperes are possible on branch circuits (Martzloff, 1983).

In homes without transient protection devices on the power lines, one may

hear an occasional click or pop from the stereo loudspeaker when the stereo

amplifier is on. This transient usually originates when an Inductive load on

the AC power line (e.g. refrigerator or air-conditioner motor) is switched

off. The transient propagates on the AC power line, passes through the DC

power supply in the stereo amplifier, and appears at the output terminals of

the stereo amplifier that are connected to the loudspeaker. While such a

transient Is a minor annoyance, it does illustrate two Important points.

First, dissimilar systems can be coupled via the AC power line. Second,

transients are ubiquitous. The same transient that annoys you with a click in

your loudspeakers could alter the contents of your computer's memory and cause

the computer to "crash."

OTHER SOURCES

Not all transients have "exotic" sources such as lightning or nuclear

weapons. Interrupting the current In an inductive load is well known to

generate a high voltage pulse that can cause dielectric breakdown of

insulation. A simple demonstration is to unplug a vacuum cleaner In a dark

room while the motor is running. The sudden interruption of current in the

motor will create an arc in air at the socket where the connection is brokin.

. - - - ... -'. -..-. .-.. o.... ...,.-.............................. .......... ....... ..... . ... . . . ..
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Interruption of magnetizing current in a transformer can generate

transients that are several times greater than the expected peak secondary

voltages (Smith and McCormick, 1982, p.10). This can destroy rectifiers and

voltage regulators in a power supply, as well as threaten vulnerable loads

that are connected to the power supply.

Yet another source of electrical overstress is the accidental connection

U of the mains to a signal line (e.g. telephone, cable television), which is

called a "power cross." Strictly speaking, a power cross is a continuous

phenomenon, not a transient. However, the techniques for assuring the

survival of signal electronics after a power cross are similar to techniques

that are used for protection against transient overvoltages.

STANDARD WAVEFORMS IN LABORATORY TESTS

Laboratory waveforms for transient tests are commonly described In a

a u s s format. This indicates that the waveform has a zero to peak

risetime of a microseconds, followed by an exponential decay that reaches half

of the peak value at $ microseconds. The peak open-circuit voltage or the

peak short-circuit current from the generator must also be specified. In

addition, the output Impedance of the generator should also be specified,

especially if the output voltage was given.

The standard test waveform for avalanche diodes is a 10 X 1000 Us

p " waveform. A 10 x 1000 us waveform with a peak voltage of 1 kV is more severe

than 99.9% of surges (presumedly from lightning) that have been observed on

S, .~ . = . . • , . . * .. . . . . .
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paired telephone cable in Canada in 1968-1969 (Bennison, Ghazi, and Ferland,

1973). This waveform has a slower rise time by about two orders of magnitude

than cloud to ground lightning. It is obvious that the transients that

propagate on telephone lines have been distorted by the transmission line.

High frequency componets of waveforms are attentuated by the skin effect and

loading coils in combination with the shunt capacitance of the line.

Spark gaps and metal-oxide varistors are usually tested with an 8 x 20 us

waveform (Richman, 1983) when peak currents exceed about 1 kA. A more rapid

decay is used for these devices, compared to avalanche diodes, due to concern

about device damage from prolonged large currents. The peak currents in tests

of spark gaps and larle metal-oxide varistors are commonly in the 5 to 20 kA

range. If the device under test were to maintain a constant 100 volts across

its terminals, a 10 x 1000 us waveform with a 10 kA peak current would deposit

about 1440 Joules of energy in the device. This is a very large amount of

energy, hence the half-value time should be much less than 1000 Us when

kiloampere peak currents are used.

Martzloff (1982, p.5) has stated that "current, not voltage, is the

independent variable" in understanding transient protection. Martzloff then

says that:

"Perhaps a long history of testing insulation with voltage impulses has

reinforced the erroneous concept that voltage is the given parameter.

Thus overvoltage protection is really the art of offiring low impedance

to the flow of surge currents rather than attempting to block this flow

through a high series impedance."

Conventional transient testing technique specifies the open-circuit

voltage from the generator and (sometimes) the output impedance. One might

. .'....................."............-. .M
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expect to use Thevenin's theorem to reconstruct the actual waveform. But this
.C method is not valid, because the source often has a non-linear relation

between output voltage and current. Since most of the common non-linear TPDs

* (spark gaps, avalanche and zener diodes, metal-oxide varistors) clamp at a

- nearly constant voltage, which is approximately independent of current, the

open-circuit output voltage of the generator is not a very useful parameter.

The short-circuit output current of the generator may be more useful, provided

that the generator output impedance is much greater than the V/I value of the

TPD under test.

For tests of semiconductors with currents of about 10 A or less, we

" prefer to use a controlled current source whose current waveform Is known, and

measure the voltage across the device under test. In this way, devices with

-.very different (VI) characteristic curves can be compared. A particularly

simple test waveform is a linear ramp with a slope of about

I A/us. This small slope (compared to most transients) makes the effect of

* linductance in the package negligible. To prevent device destruction due to

heating, a low duty cycle should be used (e.g. ramp for 10 Us, followed by 25

ma of zero current). For a device with a constant 100 volts across its

terminals, the steady-state power input from such a test waveform would be

only about 0.2 watts.

It is not necessarily a good idea to test TPDs with a waveform that

resembles a worst-case transient, or even a typical transient. Laboratory

characterization of TPDs should be done with a waveform that is appropriate to

elicit the desired information. For example, inductance In the package can be

determined from measurements taken at two different values of dI/dt that have

I' -
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similar values of I and similar total energy, f VI dt, at the two data points.

Neither of these two waveforms are required to have dI/dt values that are

similar to those of expected transients. As another example, one might use

steady-state currents to determine the effects due to device heating, even

though continuous overvoltages may not be anticipated in a specific

application of the TPD.

However, proof-testing of transient protection circuits must be done with

a waveform whose voltage, current, and charge transfer are all similar to the

anticipated worst-case transient (even though this may require the

construction of expensive surge generators). Any effort that falls short of

this requirement provides little or no assurance that the transient protection

circuit is adequate.

In addition to choice of waveform, there is also a question of how the

test waveform is to be coupleJ to the system under test. All electrical

connections involve two conductors, which we may call X and Y. Suppose that a

two-conductor cable is cut and we call the voltage between each conductor and

ground VX and Vy, as shown in Fig. 1-2. The common-mode, VC, and

differential-mode, VD, representation of the voltage on the cable Is given by

Vc (Vx + V)/2 VD - Vx - VY

In many situations VD represents a desirable signal and VC is an "unwanted"

voltage or noise. Use of balanced line and amplifiers with differential

Inputs can process VD while rejecting VC.

Bodle and Gresh (1961) found that only 10% of transients with peak

voltages exceeding 60 volts had a differential-mode component greater than 10

'I.'
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volts peak to peak. In other words, most transients were essentially common-

mode phenomena. However, one might expect such a result since Bodle and Gresh

studied transients on a telephone line, which is balanced. This ftinding has

been misinterpreted to imply that all transients are common-mode phenomena and

that protection from differential-mode overvoltage is unnecessary.

. ...
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OVERVIEW OF PROTECTIVE CIRCUITS

There are several desirable properties of circuits for protection against

" electrical overstress. They are:

1. The protection circuit should have negligible effect on the system

during normal operation. In particular the shunt resistance should

be suitably large and both the series resistance and shunt

capacitance should be suitably small.

2. The protection circuit should be fast responding: a response time of

rless than 1 ns is desirable if HEMP Is expected.

3. The protection circuit should have good clamping: the voltage across

the protected port during a large transient current should be near

3 the maximum operating voltage of the system.

4. The protection circuit should be able to absorb worst-case

transients without being destroyed.

5. The protection circuit should require minimal or no routine

maintenance. Consumable components (e.g. fuses) should have

indicator lamps to signal the need for replacement.

6. It would be desirable if the transient protection circuit could also

protect against sustained or continuous electrical overstresses

without damage to the protection circuit.

• 7. The protection circuit should require a small volume and beS

" :inexpensive.

~Before characteristics of specific devices or design of protective

circuits are discussed, It is helpful to review some general information

IN
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- concerning suppression of hazardous voltage or current pulses. In this

*discussion, the term "signal frequency" refers to the band of frequencies that

is present during the normal operation of the circuit. "Transient

frequencies" refer to the range of frequencies in the overvoltage. In other

words, the "signal frequency" Is the "good Information" and the "transient

frequencies" contain the undersirable, damaging waveform.

The general form of a suppression circuit is shown In Fig. 2-1. The

*series impedance, Z1 , is usually a resistor. However, if the signal frequency

is less than that of the transient, Z1 may contain an inductor. If the

frequency of the signal is greater than that of the transient, Z1 may be a

capacitor. In power circuits Z1 can be the parasitic resistance of the line,

as well as that of a fuse or circuit breaker.

The shunt Impedance, Z2 , is usually a non-linear component; for example:

* a spark gap, varistor, or avalanche diode. However, Z2 may be a capacitor or

Inductor that forms a low-pass or high-pass filter with Z1 , provided that the

signal frequency is appreciably different from the transient frequencies. The

circuit of Fig. 2-1 acts like a voltage divider. When properly designed, this

circuit will provide negligible attenuation for the signal, but will remove

nearly all of the transient. It is Important to note that the parasitic

capacitance of a varistor or avalanche diode (which can be of the order of

* 1000 pF) automatically forms a low-pass filter when these devices are used for

*Z In this circuit.

Parasitic capacitance and inductance is often overlooked by circuit

designers who are not familiar with radio-frequency circuit design practices.

~.... . ..... . . . '. . ,. ... . ... ... , ..... .. -... .... "",.--.. .. . .
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In fact, the way a component is mounted on a printed circuit board can be more

'. important than the properties of the component itself when transients with

risetimes of a few nanoseconds or less are encountered. Inductance must be

minimized in the shunt path that includes components such as Z2. Specific

suggestions about how to accomplish this are given in Chapter 9 on parasitic

inductance. Inductance In series with the line (e.g. parasitic inductance of

ZI) is a desirable feature, provided that the signal frequencies are

sufficiently small so that the L di/dt term is negligible during normal

operation.

Non-linear shunt impedances are members of a class of devices called

"terminal protection devices" (TPDs) or "surge protective devices" (SPDs). A

protective circuit that contains one or more TPDs is called an "electrical

surge arrester" (ESA). We remark that "arrester" is often spelled "arrestor."

It Is difficult to design a single stage circuit, as shown in Fig. 2-1,

that can protect integrated circuits from large transients (e.g. peak currents

greater than about 50 amperes). When large transients are anticipated, one

usually forms a hybrid (two-stage) circuit, such as shown in Fig. 2-2. The

first stage is designed to remove most of any large transient and protect the

second stage. The purpose of the second stage is to protect the load. This

two-stage circuit appears to have been first described by Bodle and Hays

(1957), and has become the standard circuit for protection of analog and

digital data lines.

We can divide transient protection circuits Into three broad classes

which describe how the circuit functions:

* 1-~ - ° .
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1. voltage discrimination

2. frequency discrimination

3. state discrimination.

The most common kind of transient protection circuits discriminate

between normal signals and transients on the basis of voltage levels. A non-

linear element, Z2 , is chosen that is essentially non-conductive at normal

signal voltages, and is highly conductive at larger voltages which are

encountered during transients.

When the range of signal frequencies in appreciably different from the

transient frequencies, it is convenient to use frequency discrimination in the

transient protection circuit. When economical filters do not provide enough

attentuation of the transients, voltage discrimination circuits will also be

required.

We now discuss the last class of transient protection circuits, state

discrimination. There are two states: (1) the normal operation of the system

and (2) the state when transients are present or anticipated. During the

transient state, the protected system is instructed to ignore information that

is present on the input data lines. This helps to prevent temporary

malfunctions called "upsets" that arise when the transient corrupts the Input

data. State discrimination techniques are discussed further in Chapter 14 on

upset.

:o7.............................................................
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DAMAGE THRESHOLD

We now consider the value of voltage, current, or power that is necessary

to cause permanent damage to semiconductor devices. Such information Is

essential during the design of protection circuits, since the protection must

attentuate overstresses to below the failure threshold.

The damage threshold is defined as the minimum power transfer through a

terminal such that the device's characteristics are significantly and

irreversibly altered. The damage threshold Is a function of the waveshape,

and is particularly sensitive to the duration of the transient.

The most widely used model for damage threshold was presented by Wunsch

and Bell (1968). They showed that the maximum power, P, that could be safely

3 dissipated in a semiconductor Junction was given by

P k -1/2

where t is the time duration of a pulse and k is the "damage constant."

Devices with a larger value of k are able to withstand larger transients. The

Inverse square-root dependence on the pulse duration was derived by Wunsch and

Bell (1968) for adiabatic heating of the junction. This relation Is

approximately valid for pulse durations that satisfy

0.1 us < t < 20 ys.

Ideally, the value of k would be a constant for a device with a

particular model number. Much effort has been devoted to finding the proper

value of the damage constant, k, for hundreds of different silicon diodes and

S'
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transistors. Several conclusions are clear from this effort.

A relation of the form

P'A B

where B is not necessarily one-half, fits the empirical failure data better.

Efforts to predict the values of k, A, or B from parameters on the

specification sheet (e.g. thermal resistance) have not been particularly

successful, therefore the value of k or the values of A and B must be

determined by experiment.

This simple model is known as a "thermal model" since the mechanism for

damage is melting of the semiconductor by excessive energy deposited in the

bulk semiconductor.

Enlow (1981) described variations in the mean failure threshold for

*samples of 100 transistors from each of five manufacturers for four different

2N part numbers. Even for devices of the same model number and same

* manufacturer, the standard deviation for the failure threshold was often about

25% of the mean value. When failure thresholds for devices of the same model

number but different manufacturers were compared, it was clear that specifying

the same model number was not adequate to assure that the two lots of devices

came from the same statistical population for failure thresholds. For

example, 2N718 transistors from Texas Instruments had a failure threshold of

452 1 73 watts, while 2N718 transistors from IDI had a failure threshold of

*] 97 1 7.2 watts (these data are written as P a a). The mean for the IDI

devices is 4.86 a from the mean of the TI devices, while the mean for the TI

*. .. .o
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devices is 49.3 a from the mean of the IDI devices:

S97 - 452- (14.86 X 73)

452 - 97 + (19.3 x 7.2)

. These two distributions of failure thresholds are clearly distinct.

- Measurements of Texas Instruments 2N718 transistors tells nothing about IDI

2N718 transistors.

These damage thresholds are a statistical concept, not a precise number

that is applicable to a particular piece part. When damage thresholds are

determined, the device either falls or it does not fall. If It does fall, one

I then has an upper bound for the damage threshold, but no Information about the

effect of slightly smaller stresses. After the device fails, the experiment

can not be repeated for that particular piece part.

By testing a large number of devices one can obtain a statistical

distribution of damage thresholds and fit various models to these data. Such

effort is expensive and the results are not applicable to components of the

same model number from a different manufacturer. There are apparently no

discussions In the literature about whether such statistical distributions are

applicable to different production lots of the same model number and same

manufacturer.

One of the major reasons for this variation in damage thresholds is

inherent in the device specifications. Specifications for electronic

components give maximum or minimum values for various parameters that are

important In the original application of the device, but do not specify how

'- the device is to be constructed. Therefore, parts from different

V.
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* manufacturers with the same model number will probably have different

electrode geometries and different compositions. Also, manufacturers will

revise their process for a particular model from time to time without changing

the model number of the parts. Such unspecified features can be important in

determining transient performance and damage thresholds.

The simple thermal model for damage in semiconductors ignores effects

caused by different failure mechanisms such as:

1. second breakdown

2. metalization failure

3. breakdown of gate oxide In MOSFETs.

Chowdhuri (1965) showed that diodes that were conducting when a transient

voltage was applied had a breakdown voltage that was about half of the

breakdown voltage for a diode that had no initial bias. This would be

expected to affect the failure thresholds for these devices. However, most

empirical studies of failure thresholds are made with an initially unbiased

device. These thresholds are not necessarily valid for devices that are

conducting when the transient occurs. This is an important point, since

during normal operation of a system many vulnerable devices may be conducting

when the transient occurs, and thus have different failure thresholds.

Moreover, most empirical studies of failure thresholds of transistors

apply the transient pulse to the base-emitter junction (with a polarity that

will reverse bias this junction) while the collector terminal is an open

* circuit and there is no Initial current in any of the transistor's terminals.

This is certainly not the usual way to operate a transistor, and one would

. ' ..-.. . '.. -.- - ., ..- .. .. . . .
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expect that failure thresholds obtained in this way would not be

representative of failure thresholds during normal operation.

Devices that are initially conducting may enter the "second breakdown"

region of operation as a result of transient overstress. Once the transient
m

pushes the device Into second breakdown, the system power supply may kill the

semiconductor. In this scenario, the transient does not necessarily need a

large energy content In order for the device to fail, since the transient only

initiates the failure process.

One attack on the problem of determining damage thresholds involves more

research In pure and applied solid-state physics regarding failure mechanisms

* - in devices. With more knowledge one might be able to (1) design devices with

greater damage thresholds or (2) control production parameters to eliminate

devices with low damage thresholds without testing every piece part. While

such research is certainly worthwhile, It is of no help to today's circuit

* 'designer.

Another attack on the problem of determining damage thresholds is to use

the "absolute maximum ratings" given In the specification sheet. These

parameters are usually steady-state ratings. It is well-known that components

*" can tolerate, for a few microseconds, values of current and power that are

factors of 101 (or more) greater than their maximum steady-state ratings

(Wunsch, Bell, 1968; Alexander, et al., 1975). Therefore this approach is

very conservative. If protecting a circuit to the absolute maximum ratings

imposes a considerable hardship on the designer, stresses of a factor of tWo

above these steady-state maximum ratings are easily tolerable for a suitably

I,
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brief time (e.g. a few microseconds). Such an approach also avoids the

problem of specifying in advance the transient waveforms to which the

component will be exposed, although It will be necessary to have an estimate

of the worst-case peak current and a few other parameters.

Such an approach has been endorsed by Military Handbook 419 (p. 1-50,

1982). In the absence of data from manufacturers or laboratory testing, the

following surge withstand levels are given as typical: 4

Integrated circuits: 1.5 times normal rated junction and supply voltage

Discrete transistors: 2 times normal rated junction voltage

Diodes: 1.5 times peak inverse voltage

Under this approach, the circuit should be protected against the

following conditions:

1. Rise time on the order of few nanoseconds (NEMP and ESD)

2. Continuation of stress for 0.1 to 0.5 seconds (continuing current in

lightning)

3. Polarity reversals.

41. Estimate of worst-case peak current and total energy In transient.

The objection will be made by some that using the absolute.maximum

ratings as an estimate of the damage threshold is much too conservative since

components are known to withstand greater stresses for brief periods of time.

However, It is often possible to design economical protective circuits that

can protect components from stresses that are greater than the absolute

maximum ratings. The use of these circuits can provide substantial assurance

* ° , - ° ,- - ,..- -- •.•- ,°-- - - = . -. . . .
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' "that equipment will survive exposure to adverse electrical bnvironments.

UPSET THRESHOLD

.. Nearly all transient protection circuits allow a small fraction of the

incident transient, called the "remnant," to propagate to the protected

*devices. In a properly designed protection circuit the remnant will have

insufficient energy, current, or voltage to damage protected devices.

However, there is still concern that the remnant could be misinterpreted as

valid data. Such misinterpretation is called "upset." The threshold for

upset is usually within the normal range of input voltages to the system.

*Therefore, one can not discriminate against upset on the basis of voltage

levels alone..1
We shall discuss some ways of dealing with the problem of upset in the

last chapter in this report.

TRANSIENT PROTECTIVE DEVICES

In the next seven chapters we shall describe the properties of various

components that are useful in transient protection circuits. Here we present

a very brief overview of several of the major families of transient protection

components.

*.*t .,°*
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FAMILY ADVANTAGES AND DISADVANTAGES

spark gaps: can safely conduct large currents (5 kA for 50 Us)

low voltage In arc mode

small parasitic capacitance (<2 pF)

requires large voltage (W00 V) to conduct

can be slow to conduct

possible "follow-current" (sustained short-circuit)

metal oxide varistors:

fast response (< 0.5 ns)

large energy absorption

can safely conduct large currents (1 kA for 20Us)

inexpensive

large parasitic capacitance (I to 10 nF)

clamping voltage difficult to predict -

avalanche diodes: fast response (<0.1 ns)

various precisely pre-determined clamping voltages

(between about 6.8 and 200 volts)

small maximum allowable current (W100 A for lO1us)

large parasitic capacitance (1 nF)

switching and rectifier silicon diodes:

small clamping voltage (0.7 to 2 V)

inexpensive

- °.
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SCRs and triacs: small clamping voltage (0.7 to 2 V)

5 can tolerate sustained large currents

slow to turn-on or turn-off (2 us)

sustained conduction

optoisolators: large isolation voltages (5 Wcy

good common-mode rejection

easy to use to receive data

difficult to Use to transmit data

fast devices (<1 uis switching time) are expensive
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GAS TUBES -

Gas tubes are the principal component for shunting large transients away

from vulnerable circuits. Typical spark gaps in a ceramic case can conduct

transient current pulses of 5 to 20 kA for 10 us without appreciable damage to

the spark gap. Gas tubes have the smallest capacitance of all presently known

non-linear transient protection devices. The typical shunt capacitance of a

spark gap is between 0.5 pF and 2 pF. Thus spark gaps are one of a few non-

linear devices that can be used to protect circuits In which the signal

frequency is greater than 50 MHz. Gas tubes have three major disadvantages:

(1) they can be slow to conduct, (2) in some situations they are difficult to

turn off after the transient has ended, and (3) all gas tubes require at least

60 to 100 volts across the tube before the gas will conduct.

The operation and construction of spark gaps has been described by

Kawiecki (1971, 19Mh), Cohen, Eppes, and Fisher (1972), and Bazarian (1980).

The spark gap is inherently a bipolar device; it makes no difference

which electrode has positive charge. Therefore, one only needs to discuss one

quadrant of the (V,I) curve to understand the behavior of the spark gap.

However, some gas tubes (particularly low-voltage neon indicator lamps or DC

voltage regulator tubes) have small differences in behavior depending on the

polarity of the voltage across the tube. These differences are owing to a

coating of barium or strontium on the electrode that is intended to be the,

cathode. We shall not discuss such details further because they are

irrelevant to transient protection.

. ...'.. . .* . .- .-2.
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The (V,I) characteristic for a representative low-voltage neon-filled

spark gap is shown in Fig. 3-1. Notice that, unlike conventional

• ". characteristic curves, the vertical axis Is the logarithm of current. A

logarithmic axis Is necesary to display behavior for currents that span seven

orders of magnitude. The characteristic curve Is rather complicated. Each

segment of the curve Is associated with a particular physical process.

We shall follow the characteristic curve in Fig. 3-1 for a slowly

increasing potential difference across the gap, starting at point A. At point

r A the gap switches from an insulating to a conducting state. The potential at

A is called the "DC firing voltage of the gap."

Between A and B the incremental resistance, dV/dI, is negative; thus

this portion of the curve is called the "negative resistance region." If the

gap is operated in this region (e.g. in series with a I MO resistor and a 100

V DC voltage source) the discharge will flicker. This can produce

Intermittent noise pulses.

The portion of the curve between points B and C is known as the "normal

glow region." Voltage regulator tubes are operated in this region since the

voltage across the tube is approximately independent of the current. The

light that is emitted from the tube comes from a "cathode glow," a thin region

of excited gas atoms that cover part of the cathode surface. The area of the

- cathode glow Is approximately proportional to the current.

When the glow covers nearly the entire cathode surface and the current

< ., -. ' *.. ... ",,. ,. * - , .-.- :-.-.-. ..- ,. . ....... ... . . .. . , -.. ....-...... . . .. . .
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increases, the discharge enters the "abnormal glow regime." This is the

U Dportion of the characteristic curve between C and D, where dV/dI Is positive.

* oElectron-ion pairs are accelerated in the intense electric fields which

* exist between the electrodes when the gas tube is operated In either the

normal or abnormal glow region. When the charged particles obtain sufficient

energy they can form additional ion pairs by collision with either neutral

atoms or Ions. This process is called an "avalanche." The avalanche is

limited by the formation of space charge layers and by recombination of

electron-Ion pairs. The light from the discharge in either the normal or

f abnormal glow region contains spectral lines that are characteristic of the

atoms of gas and ions. For neon the color is orange-red; for argon it is

blue-violet.

When the current is increased to a sufficiently large value, point E, the

discharge abruptly enters the "arc regime." In the arc regime the light comes

from excited metal atoms that have been blasted from the cathode by positive

Ion bombardment. Positive Ions are accelerated in the electric field between

the electrodes and colide with the cathode in both the abnormal glow and arc

regimes.- The cathode material is blasted away by this bombardment, a process

which is known as "sputtering." This is the source of black deposits which

are seen on the walls of old neon lamps and spark gaps with glass cases. At

greater currents the cathode material is removed more rapidly. The electrodes

are erroded and consumed by this process. One result is that the gap spacing

(and hence the DC firing voltage) increases after appreciable sputtering has

,"r "occurred and the tube may no longer perform satisfactorily. Therefore, gas

tubes are consumable components.

'o .. .
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For a tube with nickel electrodes, the light from the arc appears blue.

The potential across the tube is essentially constant at about 20 volts

(independent of current) when the tube is in the arc regime. In transient

protection applications it is highly desirable to operate the tube in the arc

regime, because the voltage is clamped at the relatively small value of about

20 volts. For tubes with different gases and at different pressures the arc

voltage can be from 10 to 30 volts. For typical spark gaps (with DC firing

voltages between 90 and 300 volts), the maximum current in the glow region is

usually between 0.2 A and 1.5 A. The value of this glow to arc translation

current is not precisely reproducible, even for the same gap.

When the current is reduced to the "arc extinguishing current," shown as

point F In Fig. 3-1, the arc stops and is replaced by a glow discharge. The

value of the extinguishing current is usually between 0.1 A and 0.5 A. Notice

that there is hysteresis in Fig. 3-1: the current to initiate an arc is

greater than the minimum current that will sustain the arc. Therefore, each

of the two paths between the arc and glow regions in Fig. 3-1 can only be

traversed in one direction.

When a tube is operated in the arc regime, the gas and metal electrodes

become very hot. This heating can cause failure of the seal between the

insulating case (glass or ceramic) and the electrodes. Alternately, the large

internal pressure of the hot gas can shatter the case. A ceramic case can

probably withstand higher temperature and pressure than a glass case. Many

spark gaps use KovarTM (an Iron-nlckel alloy) sealed to an alumina ceramia

case. The thermal expansion coefficient of these two materials is nearly the

. . . ..
. . . . . . . . . . . . .
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same, which reduces mechanical stress on the seal during operation. The

electrode metal is attached to the Kovar seal.

If atmospheric air at near sea level pressure leaks Into the gas tube,

r40 the DC firing voltage of the tube will Increase by approximately a factor of

10 to 20. In many situations this will destroy the tube's protective

function. If the spark gap shatters or explodes, of course, the protective

function is lost. Some spark gaps have a metal with a relatively low melting

point inside the gap that will cause the spark gap to fail as a short-circuit

if the gap is operated in the arc regime for a prolonged period (e.g. I At

V 20 to 50 ampere seconds). Such spark gaps are identified by the manufacturer

.. as being "fail-safe."

~~ If the normal signal source can maintain the arc discharge, then the gas

will not return to the non-conducting state after the transient is completed.

- This condition, which is known as "power follow" or "follow current," can ruin

the spark gap, and damage the wires and the source of follow current. It is

important to stress that follow current can not occur if: (1) the maximum

. source output current and voltage are less than the arc extinguishing current

and voltage of the tube (shown as point F in Fig. 3-1) or (2) if the maximum

source output voltage is less than the arc extinguishing voltage (point F in

* Fig. 3-1). If the maximum output current of the source is less than 50 mA or

the maximum magnitude of the output voltage is less than about 15 volts, then

follow current is impossible in typical spark gaps. On the other hand, if a

source can furnish 500 mA (or more) at 20 volts DC (or more), then follow

current is quite possible.

pI
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One should not rely on the periodic zero-crossings of AC power lines to

_* extinguish an arc. It is true that the magnitude of the voltage on a 120 V

rms 60 Hz power line is less than 20 volts for 0.63 ms during each zero-

crossing. However, thermionic emission of electrons from hot electrodes may

sustain the arc during these brief zero-crossings.

When a spark gap is connected across a power supply (or other circuit)

that can furnish follow current, one must prevent follow current from

occuring. One way to do this, which is shown in Fig. 3-2, is to connect a

varistor in series with the spark gap. The varistor characteristics should be

chosen so that, as a general rule, there would be less than 0.1 mA of current

in the varistor if the varistor alone were connected across the line during

normal operation. A fuse or circuit-breaker may be included between the spark

gap and source as an additional precaution.

A power resistor in series with a spark gap, as shown in Fig. 3-3, is

often suggested to prevent follow current. While this technique can prevent

follow current, it also greatly increases the clamping voltage owing to the

voltage drop across the resistor. The IR drop can be quite substantial; for

example, consider R - 1 0 and I = 5000 A. In many situations the value of R

needs to be much greater than 1 a, a condition that is even less favorable to

protecting a circuit from transient overvoltages. Including a resistor (or an

inductor) in series with a spark gap is definitely not a recommended

* technique.

Rovere (1934) and Poindexter (1974) have described the circuit shown.in

Fig. 3-4 that uses a relay to interrupt follow current. This circuit will

-.-- . .". . .
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extinguish the arc by placing a short-circuit across the gas tube. However,

0 .It is a disaster for the system, since the "follow current" now flows through

a short-circuit Instead of the gas tube. If the "follow current" is not

interrupted by a fuse or circuit breaker, the source of the "follow current"

may be damaged. In any event, the power to the protected loads will be

Interrupted until the fuse or circuit breaker Is restored. This is not a

recommended circuit.

We can modify the circuit in Fig. 3-4 by moving the relay contacts

upstream in series with both the spark gap and load, and by using normally

V closed contacts. That this modified circuit also Interrupts the mains power

to the load may be viewed as a serious disadvantage. However this

disadvantage is really owing to the arc in the gas tube, and not the method of

extinguishing the follow current. When the gas tube Is operating In the arc

mode, there Is about 20 volts across the load, essentially independent of the

usual mains voltage. Therefore, the arc discharge has already interrrupted

the AC power to the load.

Mc Neill (1921) described a way to mount spark gap electrodes on

bimetallic strips. The heat from a power-cross or follow current would cause

the electrodes to move and touch each other. This was claimed to eliminate

the fire hazard from heat generated by the arc. This basic Idea might be

applied in a different way to have the hot electrodes move farther apart. The

Increased gap spacing might extinguish the arc follow-current. Of course,

this modified method offers no transient protection until the electrodes cool

and return to their normal position.

............................... ........................................
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ft spark gap should be selected that will not conduct during normal

0 operation of the system. This is done by requiring that

1.2 x maxlvnormall I *in(VDC)

where maxjVnormall is the peak voltage during normal operation, and min(VDC)

- is the minimum DC firing voltage of the spark gap. The effects of tolerance

on VDC or the spark gap should be included in min(VDC).

There are several suggestions for increasing the reliability of circuits

• -that are protected by spark gaps. E. Popp (1968) put two spark gaps In

parallel for redundancy: if one shattered, the other would provide protection.

Palmer (1977, p.28) and Sherwood (1977, P.35) both advise that the spark gap

with the smallest tolerable DC firing voltage is not necessarily the best

choice. They both choose 230 volt gaps for protection of overhead cable

3 television coaxial lines, Instead of 90 volt gaps. In their situation, mains

voltages could be injected into the coaxial line. In effect, these engineers

have defined the mains voltages as "normal" on the television cable, so that

£ the spark gap will not conduct during a power-cross.

We now consider the transient operation of a gas tube. For rapidly

changing.waveforms (e.g. 1 kV/Us or more) the actual firing voltage is

observed to be several times greater than the DC firing voltage (Trybus, et

al., 1979). The DC firing voltage alone Is sufficient to produce an electric

field between the electrodes that is necessary to get ions and electrons to

energies that will produce ionization by collision (a glow or arc discharge).

So why does the tube require larger voltages to fire? The time delay comes

from two effects: (1) some electron-Ion pairs must be created In the gas by

random processes and (2) a finite time is required for these Initial charged

- .

. . .. . . . . . . . *.
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particles to form an avalanche process. These effects are called the

"statistical" and "formative" times, respectively.

The Initial creation of electron-ion pairs is made more frequent by

Introducing a beta-emitting radioactive Isotope into the gas tube. Common

choices are tritium gas (H), radioactive krypton gas ("sKr), or radioactive

nickel electrodes (Ni). The Initial rate of decay is usually between 0.01

and 5.0 uCI; about 0.1 VCI is typical, (one curie [Ci] - 3.7 x 1010

disintegrations per second) Although one beta particle (electron) is emitted,

on the average, every 0.3 milliseconds from a 0.1 UCi source, the secondary

electron-ion pairs produced by the collision of the beta particle with atoms

of the gas Will persist for a much longer time. Thus the beta emitting

isotope provides, indirectly, a source of Ions that is continually present.

This eliminates the "statistical" time delay.

The "formative" time for state-of-the-art spark gaps is between about 1

and 10 ns. The response time for spark gaps is commonly measured with a

voltage source that has a constant rate of rise, dV/dt. For rates of rise

larger than about 500 V/Ms, the firing voltage of the spark gap is appreciably

greater than the DC firing voltage. The response time, At, is given by

At - Vf / (dV/dt)

where Vf is the measured firing voltage on a waveform with a constant rate of

of rise, dV/dt. The response time approaches an asymptotic limit that is an

estimate of the "formative" time for spark gaps that contain radioactive

material. Singletary and Hasdal (1971) found minimum response times between

about 1.8 and 3.0 ns for a dozen different spark gaps with DC firing voltages

between 90 and 800 volts. They noted that these times are approximately the

- . o o . . . ** •*- . - .. . . -* ° .• . . . .. . .. o,. • -" • °
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transit times of positive Ions between the electrodes.

Various relationships exist between the firing voltage, V, and response

time, At, of a spark gap. Joslyn Electronic Systems published a graph that

describes the response time of their 2029-15 spark gaps, which have a DC

firing voltage of 150 volts. The graph shows the following relation for V in

volts and At in seconds:

6 .2 0 0 8 -
At - and - 8 s 5 At 5 103s

(V-150)
5 .67

In recent years, several companies have developed spark gaps that will

conduct in less than 1 ns when a voltage is applied with a rate of change of

at least 1 kV/ns.

Several different spark gap electrodes were examined by X-ray

fluorescence to identify the electrode materials. The results were:

l Spark Gap Manufacturer and Model Material

Cerberus UC9O Ti in center; Fe, Ni elsewhere

+ Joslyn 2027-09 Fe, Ni, Ti, K, I

Siemens T61-C350 Cu

Siemens B1-C75 Mo, Ni, Fe, Ba

Genalex 39/260 Fe

The potassium In the Joslyn 2027 spark gap is due to potassium chloride that

is applied to the electrode surface to provide electrons from photoionization.

The following companies, which are listed in alphabetical order, sell
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spark gaps in the U.S.A.

C. P. Clare

Cook Electric, division of Northern Telecom

E. G. & G., Inc.

Genalex (distributor for M 0 Valve Company of England)

Joslyn

Lightning Protection Corporation

Lumex (distributor for Cerberus of Switzerland and Elevam of Japan)

Mitsubishi

Siemens

THREE ELECTRODE SPARK GAPS

There are a few models of spark gaps available that have three

electrodes, as shown In Fig. 3-5. In the usual application, one connects the

middle electrode to local ground (earth) and the other two electrodes to a

pair of signal conductors. The three electrode spark gap is particularly

useful for the protection of a balanced transmission line (e.g. telephone

signals, RS-422 computer data coamunictions). The middle electrode of these

spark gaps has a small hole that allows plasma (highly conducting gas) from

one chamber to reach the other chamber within 0.1 Us. The three electrode

spark gap provides both differential- and common-mode protection In a single

component. Similar protection would require three separate two-electrode

spark gaps, but there is no simple way to get separate spark gaps to conduct

essentially simultaneously. The three-electrode spark gap provides superior
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protection for a balanced line and lower component and assembly costs.

Prior to the introduction of three electrode spark gaps, It was common

practice to connect one two-electrode gap between each line and ground. Two

two-electrode gaps were used to protect a balanced pair of lines. Bodle and

Gresh (1961) found that large differential-mode transients could be produced

when one two-electrode gap (but not the other) fired. Most of the transients

were essentially common-mode, unless unsymmetrical firing of a pair of spark

gaps occurred. In this way, use of the wrong type of transient protection

components (i.e. two-electrode gaps Instead of three-electrode gaps)

introduced a new threat to the equipment.

Three-electrode spark gaps are available from the previously cited

companies that manufacture two-electrode gaps.

COAXIAL SPARK GAP

Since antennae are usually situated in elevated, exposed locations, they

are commonly struck by lightning. Moreover, they can collect appreciable

electromagnetic radiation from nearby lightning or EMP from nuclear weapons.

It is therefore desirable to protect the electronic circuits that are

connected to an antenna.

The most common protective device for antenna lines is a spark gap in a

coaxial mounting. The spark gap has a very small shunt capacitance and large

resistance In the non-conducting state, which gives the spark gap a small

Insertion loss for frequencies up to about 500 MHz. In addition to these

- . .
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desirable passive properties, the spark gap excels at conducting large peak

5 currents that would be encountered in a direct lightning strike to the

antenna.

In the case of a transmitting antenna, the protective circuit must be

able to withstand the relatively large voltages that are encountered in

routine operation. For example, a transmitter power of 50 watts requires a

peak voltage of about 90 volts (assuming sinusoidal waveform and a perfect

match between the 75 Q transmission line and a dipole antenna). Larger

transmitter power requires proportionaly larger peak voltages across the line.

The relatively large firing voltage of a spark gap, compared to other

components used for transient protection applications, makes it possible to

protect transmitting antennae with spark gaps.

In order to conveniently Install the spark gap and minimize insertion

* losses, spark gaps are mounted in fixtures with coaxial connectors (types N,

BNC, and UHF are particularly common). The coaxial spark gap was patented by

Cushman (1960).

Coaxial spark gaps are available from:

Cushcraft (Blitz-bugT
M )

Genalex (N 0 Valve, England)

Lumex (distributor for Cerberus of Switzerland)

Reliance, division of Reliable Electric Comm/Tec

.. ".........
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NEON LAMPS

Neon lamps have been used for many years as an Indicator lamp in

electronic circuits. The GaAs solid-state light emitting diode (LED) has made

neon lamps obsolete for most electronic applications, although neon lamps

continue to be commonly used for pilot lights that are connected to the mains.

Neon lamps were also used as electronic circuit components, but this

application is also obsolete owing to the superior performance of

semiconductor light-emitting diodes. Neon lamps have been used for transient

suppression by engineers who were familiar with them. The following

advantages were claimed for neon lamps, compared to spark gaps:

0 1. Lower firing voltage (e.g. 60 volts DC, vs. 150 VDC, or more,

for a spark gap)

2. Transparent case allows condition of neon lamp electrodes to be

Inspected

3. Neon lamps are available with a bayonet base that allows use of

a socket, for convenient replacement.

4. Less expensive

There is no doubt that neon lamps do have a DC firing voltage that is

smaller than that offered by nearly all spark gaps. However, C. G. Clare and

Siemens each makes one spark gap (models CG-75, B1-C75 respectively) that have

a 75 ± 15 volt DC firing voltage, and many manufacturers make models that have

* a 90 ± 20 volt DC firing voltage. During rapidly rising pulses, the maximum

voltage across the neon lamp or spark gap will be several times the DC firing

voltage. Therefore the advantage of the 60 to 70 volt DC firing voltage of

neon lamps, is probably not appreciable when compared to low voltage spark

"' ""' " ' '" J .,..............."""-..".-.,-...,.,...........,",., 7......
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gaps (e.g. 75 to 150 volts DC).

The transparent glass case does allow the electrodes of a neon lamp to be

inspected. Nearly all spark gaps (except Siemens Button Type gaps) have

ceramic cases that are not transparent. One has to balance the advantage of
p

being able to inspect the electrode inside a transparent case with the

disadvantage that a glass case is probably easier to shatter during a

transient than a ceramic case.

The use of neon lamps with bayonet bases in transient protection circuits

for "ease of replacement" is not a good Idea. The thin glass cases on neon

Indicator lamps can shatter during transients. Replacement of the lamp

without the glass bulb is then difficult. Moreover, the Inductance in the

wires to the lamp socket is definitely worth avoiding.

*... -The neon lamps are considerably less expensive than spark gaps (e.g.

$0.30 for lamp, vs. $2.50 for spark gap), a feature that merits considerable

attention. Although neon lamps are generally Inferior to spark gaps for

transient protection, the limited protection from a neon lamp may be

* preferable to no protection in an application where a spark gap is too

expensive.

If neon lamps are to be used for transient protection, the model 5AH

(formerly NE-83) appears to be desirable. It was designed for use in pulse

*circuits and with currents that are greater than other neon lamps. However,

it is still more fragile than spark gaps.

i '
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DIELECTRIC STIMULATED ARCING

When certain crystalline dielectric materials are placed in an intense

electric field, electrons are emitted from the surface of the dielectric.

When this is used to initiate an arc in a gas that surrounds the dielectric,

the phenomenon is called "dielectric stimulated arcing." Several

investigators (Cooper and Allen, 1973; Brainard and Andrews, 1979) have

constructed dielectric stimulated arcing spark gaps. The addition of the

dielectric decreased the response time of the spark gap and reduced the spread

of DC firing voltages that were obtained in a batch of spark gaps.

Kawiecki (1971) fastened thin strips of conductor that was connected to

one electrode to the interior ceramic insulator wall of a spark gap. The

conductor was parallel to the axis of the spark gap, and between 0.4 mm and

0.8 mm in width. He claimed that the enhanced electric field at the end of

the strip was responsible for "stablizing the operating characteristics" and

providing a much faster response. At a 10 kV/Vs rate of rise a gap with a DC

breakdown voltage of 250 volts will fire at 500 volts with the strips and 3000

volts without the strips. Dielectric stimulated arcing from the alumina

ceramic wall might be responsible for the performance of these strips. Once

* the electrical discharge is established in the gas, the majority of the

current is conducted in a discharge directly between the electrodes, and not

involving the strips. This is due to the relatively low conductivity of the

* strips compared to the ionized gas.

Brainard, Andrews, and Anderson (1981) used pellets of zinc oxide

varistor material between two spark gap electrodes. At low voltages the zinc

0 -

.....................................................



Page 3-17

* . oxide varistor functioned in the usual non-linear manner. At higher voltages,

an arc In air was Initiated by an electrical discharge at the point contact

between one electrode and a varistor pellet. The arc was claimed to protect

3 , the varistor from damage by excessive current.

at

* ** * * ** .
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VARISTORS

"Varistors" is the generic name for "voltage-varlable-resistors." These

devices obey the relation V - I x R, where R is a function of V or I.

Strictly speaking, all non-linear devices may be called "varistors." However,

the conventional use of the word "varistor" is restricted to devices that

dissipate energy In a bulk material (not a semiconductor junction), and for

which R decreases as the magnitude of V (or I) increases. A varistor is

inherently a bipolar device: its characteristics are not polarity dependent.

Most varistors that are commercially available are fabricated from either (1)

silicon carbide, (2) selenium, or (3) various mixtures of metal oxides (of

which zinc oxide Is the principal ingredient). Of these three kinds, the

metal oxide varistor has the greatest non-linearLty. The availability of zinc

oxide varistors has essentially made the silicon carbide and selenium

varistors obsolete. The metal oxide varistor is commonly denoted by the

abbreviation "MOV." A typical (V,I) curve for a metal oxide varistor is shown

In Fig. 4-1. The older silicon carbide and selenium varistors are comonly

known In the U.S.A. by the General Electric tradenames "Thyrite" and

"Thyrector", respectively.

At the present time, varistors are not precision components. The

voltage, VN, at which the current in the varistor is 1 mA, is used as a

* nominal conduction voltage. VN is specified with a tolerance of 1 10% for NOV

- models with V. 2 33 volts. For smaller values of VN , tolerances can be as

large as ± 30%. Varistors do not have a sharp knee In their V vs. I plot, .

unlike silicon avalanche diodes, so the voltage across the varistor is not

-.......
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sufficiently independent of current to make varistors useful for voltage

regulator applications.

Varistors degrade gradually when subjected to occasional pulse currents.

The "end of life" is commonly specified when VN has changed by * 10 %.

However, the varistor is still functional after the "end of life." In nearly

all cases the value of VN decreases with exposure to pulse currents. This

aging effect manifests itself as an increase In leakage current at the maximum

normal operating voltage in the system. The varistor is, like the gas tube, a

consumable component. When subjected to excessive continuous currents, the

varistor usually fails as a short-circuit. However, when "blasted" with

excessive pulse current, the varistor may rupture and fail as an open-circuit.

Varistors that are designed for large pulse currents (more than 1 kA

peak) are fabricated as a disk with a diameter of at least 14 mm. This large

cross-sectional area makes the current per area small. However, this also

makes the capacitance of the varistor rather large. Varistors have the

largest capacitance of the common non-linear transient protection devices;

values of 1 to 10 nF are common. This capacitance Is not always a bad

feature.' For example, the shunt capacitance of varistors can be used to

construct non-linear low-pass filters (Campi, 1977).

One will find remarks in the literature about the "slow" response of

MOVs. Often response times of the order of a few nanoseconds to tens of

nanoseconds are given as typical of MOVs. The actual response time of the

varistor is less than 0.5 ns (Philip and Levinson, 1981); the apparent

response time is due to parasitic inductance In the package and leads.

t'.N
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There Is general agreement that varistors are the best of the presently-

available non-linear devices for protection of AC power lines. They are also

suitable for suppression of transients caused by switching inductive loads

off. Other applications are, of course, also possible.

When the (V,I) characteristic curve is plotted on a log-log scale, Fig.

4-2, three characteristic regions of operation become apparent (Harnden, et

al., 1972). At very small currents, less than 10- 4 amperes, the varistor

- behaves as a simple resistor, called Rleak. At very large currents, more than

102 amperes, the varistor response is dominated by the bulk resistance of the

U device, Rbulk. In between, the varistor obeys the following Ideal relation.

I k V* (V/D)"

The circuit diagram that corresponds to this model of a varistor is shown in

Fig. 4-3. The inductance shown in Fig. 4-3 is due to packaging and the length

of the leads in a particular application." I
The value of a characterizes the non-linear (V,I) characteristic. An

ordinary resistor would have a - 1. As a general rule, the larger the value

of 0, the "better" the varistor. Modern metal oxide varistors have values ot

a of at least 25. The varistor relation, given above, with the parameter k

often causes problems when implemented in a computer program. The value of k

is often less than 10-100, which causes "underflow." This difficulty is

eliminated by using the form of the varistor relation, given above, with the

parameter D.

The value of a is determined with the following relation.

I' ,o
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log (I I /1 2)
S - log(Vl/V 2)

* If either (V1 ,I1) or (V2 ,12 ) is In the region where leakage resistance or bulk

resistance has a significant effect, then the value of a calculated from the

above relation will be too small. Early General Electric varistor data sheets

(e.g. Type ZA, May 1975; Type MA, 1976) specified the value of a for I at 0.1

mA and 1 mA. This appears to be a good way to ensure that everyone agrees on

how to determine the value of a. This is important if the value of a appears

in a specification, since errors of ±1 can easily be made in determinations of

a, depending on technique. To prevent quibbles between vendor and user on

marginally acceptable (or marginally unacceptable) varistors, it Is prudent to

define the method for determinations of a in the specifications.

In addition to the effects mentioned above, there is a temperature

dependence of the (V,I) characteristics. The varistor voltage at a constant

* i current (I > 1 mA), changes by about -0.04% per kelvin increase in temperature

(Smith and McCormick, 1982, p.50). This Is of little consequence In transient

protection applications, but if the overstress is sustained, this property can

produce thermal runaway.

The value of VN, the voltage between the varistor terminals at a 1 mA

constant current, and the value of a are two parameters that completely

specify an ideal varistor. The values of C, Rleak, and Rbulk complete the

. model. Most manufacturers, however, specify VN , a typical value of C, and the

maximum value of V at some arbitrarily large pulse current.

S-S
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In applications where exposure to large pulse currents are anticipated or

where reliability is a principal concern, there are two particular points to

consider. First, one should select a model of varistor with the largest

diameter that will fit In the available space. For a given current, the

p current density is less in varistors with larger diameters. This allows the

varistor to absorb larger transients without significant degradation. Second,

one should specify the minimum initial value of VN to be at least a factor of

1.25 above the peak voltage expected during normal operation of the system.

This gives a larger margin for degradation before the varistor will interfere

with normal system operation. If this value of VN is too large to completely

protect the system, another varistor with a smaller value of VN can be

connected downstream (toward the system to be protected) with a suitable

Impedance (inductor or resistor) in series between the two varistors.

Another possibility for Increasing reliability during and after exposure

to large pulse currents is to connect two varistors in parallel. This is not

recommended, because non-linear devices do not share current evenly. As an

example, consider two varistors in parallel, with the following properties.

Vl. VN - 78 volts a = 32

'V2 : VN a 8 6 volts a - 28

These two varistors both meet specifications for VN  82 volts ± 5 %. When

115 volts is placed across these two varistors the current in V, will be about

- -250 amperes, while the current In V2 will be about 3.4 amperes. In this

example 98.6% of the total current flows in V1 . The second varistor is

ineffective in this combination, however ±5% is good matching for production

varistors. The first varistor has an initial value of VN that Is smaller than

that of the second varistor. Since the first varistor takes most of the

I
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stress, it will be degraded more than the second varistor. Therefore, with

Increasing age, the first varistor's value of VN will decrease faster than the

second varistor's value of VN .

The ineffectiveness of placing two nearly identical varistors In parallel

is not a problem that is unique to varistors. The same effect occurs with

other highly non-linear devices such as zener and avalanche diodes.

The above example of two varistors in parallel is not quite realistic in

that the bulk resistance of the varistor was ignored. When large currents

flow in V1 the bulk resistance will increase the voltage across its t'nMinals.

This "extra" voltage will increase the current in V2 (Smith and McCormick,

1982, p.68).

Metal-oxide (ZnO) varistors were invented in Japan by Matsushita and

licensed to other companies. The fabrication of ZnO varistors has been

described by Matsuoka, et al. (1970). The following companies, in

alphabetical order, sell metal-oxide varistors in the U.S.A.

CKE, Inc.

Collmer Semiconductor (distributor for Fuji Semiconductor)

General Electric

Marcon America Corp.

Mepco/Electra (N. V. Philips subsidiary)

Panasonic (Matsushita Electric Corp. of America)

Siemens

Thompson-CSF

S'
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i- Teledyne Relays

Victory Engineering Corp.

The following companies sell silicon carbide varistors in the U.S.A.

Carborundum, Electric Products Div.

Midwest Components Inc.

Ik
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AVALANCHE AND ZENER DIODES

Silicon diodes that are intended for use in the reversevbreakdown region

are familiar components to analog electronic circuit designers. While these

components are commonly called "zener diodes," only devices with a reverse

breakdown voltage of less than about 5 volts usually use the Zener mechanism.

Diodes with a reverse breakdown voltage of more than 8 volts use the

aialanche mechanism. For diodes with a reverse breakdown value between about

5 and 8 volts, both mechanisms operate. One can quickly identify the

mechanism of a particular diode in the laboratory with the following rule.

In Zener breakdown the magnitude of the conduction voltage decreases as the

temperature increases; for avalanche breakdown, the magnitude of the

conduction voltage Increases as temperature increases. Both avalanche and

zener diodes are widely used as voltage regulators because in the reverse

breakdown region, the magnitude of dV/dI is very small. A (V,I) curve for a

typical avalanche diode is shown In Fig. 51.t

The relationship between voltage and current for zener and avalanche

diodes can be fit to the same mathematical expression that was used for

varistors:

I - (V/D)a

21
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OH

The value of a for some particular zener and avalanche diodes is given 
in the

following table.

Part number Nominal Parameters a type

1N3821 3.3 V 1 W 7.7 zener

1N3822 3.6 V I W 8.4 zener

1N5334 3.6 V 5 W 7.6 zener

IN3993 3.9 V 10 W 8.4 zener

1N5524 5.6 V 0.5 W 209 avalanche

1N3827 5.6 V 1 W 448

1N5339 5.6 V 5 W 467

IN4736 6.8 V 1 W 398

1N5063 6.8 V 3 W 154

1N4954 6.8 V 5 W 144

1N6267# 6.8 V 5 W 130

1.5KE11C 11 V 5 W 55 avalanche

1N5348 11 V 5 W 126 avalanche

1.5KE33C 33 V 5 W 214 avalanche

1N5364 33 V 5 W 470 avalanche

1N6288* 51 V 5 W 513 avalanche

IN4989 .200 V 5 W 394 avalanche

1N6303* 200 V 5 W 662 avalanche

* member of I.5KE series of transient suppression diode

From inspection of these data it is evident that zener diodes have much

smaller values of a than avalanche diodes. This will be important in

protecting integrated circuits with small operating voltages, 
such as high.

speed CMOS. Avalanche diodes have too large a breakdown voltage to be
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suitable for protection of all low voltage Integrated circuits. Zener diodes

have the appropriate range of breakdown voltages, but are not highly nont

- ., linear.

f Zener and avalanche diodes are quite polarity sensitive. In the

forwardvblased direction they act like an ordinary silicon rectifier, when

the reverserblased they have the characteristic shown in Fig. 5T1. To clamp

overvoltages of either polarity, two zener or avalanche diodes are connected

back to back In series, as shown In Fig. 5r2. It is common for the two

diodes in Fig. 5r2 to have the same breakdown voltage (within ±10%

tolerances), but this Is not required in order to use the circuit of Fig. 5r

2. Because this configuration is so common in transient protection

applications, many manufacturers provide two identical avalanche diodes

I connected back to back inside one package. Such devices are called "bipolar"

avalanche diodes. This packaging concept has the advantage of Peducing

parasitic inductance In series with the diodes, as well as minimizing both

* ithe assembly time and mass of the circuit.

SAvalanche diodes are particularly fastrresponding. One wellrknown

manufacturer of transient suppresor diodes claims a response time of less

. -than one picosecond for his product. This is rubbish, because a signal

traveling at the speed of light In vacuuo would require about 30 picoseconds

to traverse the length of the plastic package that contains the diode. In

practice, the response time Is determined by the parasitic Inductance of the

package and leads. This parasitic Inductance can produce appreciable

overshoot for 50 ps after the beginning of a rectangular pulse (Clark and'

Winters, 19T3).

°.* .** ** . . * . . ..... . . . .... . *.e...- - :- & : ,:,. -. .'- '-,.'.-;-...'..'..-.--.. -.. . .- '..', ..- . , -..- .-: -... '..,-..-,.. . -. • -... -...... ... ... , - .



I'

I- - -a ~L-



*+ Page 5w4

Diodes that are able to tolerate large pulse currents also have a large

capacitance, as a consequence of the large crossrsectional area that Is

necessary to reduce the current density. It Is not uncommon to find

ML transient suppression diodes with capacitance values between 500 and 1000 pF.

Such values make these diodes alone unsuitable for use in circuits with highr

frequency signals. However, these diodes can be placed in series with

forwardrblased switching diodes, which have a capacitance of the order of 50

pF, to reduce the total shunt capacitance, as shown In Fig. 5r3a. Forwardr

biased diodes with large pulse current ratings are relatively slow to

conduct, a phenomemon that will be discussed in Chapter 6. While the

circuits of Fig. 5r3 do decrease the shunt capacitance, they Introduce

another problem: that of slower response (Clark and Winters, 1973, p.83).

The use of switching diodes in series with avalanche diodes prevents

. current flow when the avalanche diode is forwardrbiased. Therefore, the

bidirectional clamping circuit of Fig. 5r2 will not work when switching

diodes are included. To clamp overvoltages of either polarity, use one of

the circuits that are shown In Fig. 5r3 (Popp, 1968, p.27; Clark, 1975). The

circuit of Fig. 5v3b is less expensive than the circuit of Pig. 5r3a since

the former uses only one avalanche diode, which are much more expensive than

rectifiers or switching diodes. However, when the circuit of Fig. 5T3b is

fabricated from discrete components, the additional parasitic inductance of

the extra switching diode In the conducting path may be a serious

disadvantage.

A M.. . . . . . . .. . . . . . . . . . . . . . . . . . .. . .. . . . ...... . +*
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Steadyvstate power dissipation ratings of common zener and avalanche

*diodes are between 0.5 and 5 watts. During brief transients (durations of a

few microseconds or less), most diodes can have an instantaneous power level

-; that Is at least a hundred times greater than their steadyvstate rating.

Sm Even so, the peak current of most small diodes is limited to a few tens of

amperes. This limited pulse current is one of the major shortcomings of

diodes as nonvlinear transient suppression devices. Of all of the common

TPDs, zener and avalanche diodes have the smallest energy absorption

capability.

t Silicon diodes do not exhibit degradation of electrical parameters after

prolonged service (unlike gas tubes or varistors). This fact is often stated

as a reason to use silicon diodes rather than varlstors. However, one should

also consider the fact that the maximum tolerable surge current for a zener

or avalanche diode in reverse breakdown is rather small when compared to

' tolerable surge currents for varistors and spark gaps.

Diodes usually fail as a shorttcircuit. However, under sustained large

- currents the device can rupture an epoxy package that are used for commercial

grade devices. If a shorttcircuit failure mode Is essential, one should use

devices in a hermetically sealed metal package (e.g. DO13). In some tests

with large steadytstate currents avalanche diodes were observed to fail with

a behavior similar to that of second breakdown. In one such test 300 mA was

passed through a 1N5364 diode. The power dissipation was 11 watts,

substantially greater than the 5 watt maximum steadytstate rating. After

* about 22 seconds at 300 mA, the diode failed. Thereafter the former 33 volt

diode had a characteristic of a constant voltage of 15 volts at currents

p; .;
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greater than about 10 mA, and of a 2 kQ resistor at smaller reverse currents.

A particular disadvantage of avalanche diodes Is that, when operated at

relatively small reverse currents (e.g. 1 VA to I mA), many avalanche diodes

produce significant noise with a bandwidth from less than 1 Hz to over 0.5

M4Hz. In fact, special avalanche diodes are used as a comon source of "white

noise". Care must be taken to insure that the normal operating voltages of

',% Qrstem do not push the avalanche diode Into a weakly conducting state.

Special avalanche diodes with breakdown voltages less than 6 volts are

available, and are widely used as voltage reference circuits In battery

operated equipment where small diode currents and a small value of dV/dI are

required. These low voltage avalanche devices have relatively small power

ratings. However these devices may be attractive for protecting highrspeed

CMOS and other low-voltage Integrated circuits.

Special transient suppressor diodes are available from several different

manufacturers. How do these special transient suppression avalanche diodes

differ from "ordinary" avalanche diodes with large steadyvstate power

ratings? It appears that the special diodes have larger heat sinks, which

are often made of unusual materials, than ordinary diodes. Several different

diodes were examined with xvray fluorescence to determine the heat sink

material.

J
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Manufacturer and Part Number Heat Sink Material

f Special Transient Diodes

General Semiconductor Industries 1.5KE33C Ag

General Semiconductor Industries P6KE18C Ag

Motorola 1.5KE18 NI plated Cu

. Semicon 1.5SE18C Al

Ordinary Diodes

Fairchild 1N404 rectifier Cu, Fe, Ni

Unitrode UZ5833 miniature avalanche diode Rh plated Mo

r" Silver and copper have the greatest and secondegreatest thermal conductivity

of any known material, and would be the best choices for rapidly removing

* heat from the junction. However, the coefficient of thermal expansion of

neither silver nor copper are well matched to silicon. Reynolds (1972) used

a tungsten heat sink In a transient supressor avalanche diode. Most power

semiconductors use a molybdenum internal heat sink.

Special avalanche diodes that are designed and speoified for transient

suppression are available from many different companies. These devices are

available by specifying either JEDEC registered part numbers or proprietary

part numbers. The following list gives three commonly used JEDEC series of

avalanche transient suppression diodes.

1N5629 to 1N5665 6.8 to 200 volts DOv13 hermetic package

1N6036 to 1N6072 7.5 to 220 volts BIPOLAR DO13 hermetic package

- 1N6267 to 1N6303 6.8 to 200 volts epoxy package

r " r . . * * . . *
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Avalanche transient suppression diodes are available from the following

companies (which are listed alphabetically) In the U.S.A.

General Semiconductor Industries

Motorola

Semicon

Siemens

ThompsonvCSF

Unitrode

Avalanche transient suppressor diodes In series with forward~biased

diodes in a single package are available from the following companies:

General Semiconductor Industries LC and LCE series

Semicon SLC and SLCE series

ThompsonrCSF PFC series

Avalanche diodes with breakdown voltages between 3.3 volts and 10 volts

are available from several sources:

1N5518 1N5530 series Motorola, KSW Electronics ,

1N6082 v 1N6091 series KSW Electronics, TRW Semiconductor

LVA series TRW Semiconductor

......................
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13 DIODES

Silicon diodes and rectifiers are also useful non-linear devices for

* mtransient protection. These devices are are usually employed so that they

conduct when forward-biased, unlike zener or avalanche diodes. A (V,I)

*characteristic curve for a typical diode under steady-state conditions is

shown In Fig. 6-1.

The relation between current, ID , in a semiconductor diode and potential
r difference, vD, across a semiconductor diode Is usually given In the form of

Eqn. 1.

i = IS (exp(vD/mVT) - 1) (1)

IS , VT, and m are three parameters that characterize the diode's (V,I)

relationship.

A common value of IS Is on the order of I nA. With a knowledge of

* semiconductor physics one can derive Eqn. 1 and the relation

VT - kT/e

where k is Boltzmann's constant (about 1.38 N 10-23 Joule per kelvin), e is

the elementary charge (about 1.60 x 10- 19 coulombs), and T is the temperature

of the diode (in kelvin). The value of kT/e is about 1/40 volt or 25 mV at

room temperature, about 300 kelvin. An empirical constant, m, which Is

usually betwee 1.1 and 2.0, is multiplied times VT to give better agreement

between the current predicted from Eqn. 1 and experimental data.
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The following table contains values of IS and MVT for some representative

diodes at room temperature.

Diode Model Number and type is m VT at room temperature

1N4447 switching diode 2.7 nA 47 mV

1N4004 rectifier 1 A 5.0 nA 47 mV

IN5624 rectifier 3 A 9.5 nA 45 mV

1N3822 zener 3.6 V 0.2 pA 28 mV

IN5348 avalanche 11 V 0.1 pA 29 mV

1N5364 avalanche 33 V 0.1 pA 29 mV

g When one examines a plot of D, log10(ID)) for a real diode, Fig. 6-2.

- .(We emphasize that Fig. 6-2 is not a plot of Eqn. 1.) One finds that the curve

. "rolls over" somewhere in the vicinity of 0.8 to 0.9 volts. The different

I slope at greater values of vD Is due to two different causes: temperature and

bulk resistance. As the current becomes large, appreciable power (P - vD ID)

Is dissipated Inside the diode. This causes the temperature of the diode to

Increase, and thus VT will increase. At a constant current the voltage across

. .the diode Junction vD is proportional to VT. Thus, at a given current, hotter

- - diodes have larger values of vD. The resistance of the bulk semiconductor

material produces a voltage drop across the diode's terminals that is in

- addition to the voltage vD given in Eqn. 1. Remarkably, this behavior at

* large currents can be modeled by using Eqn. 1 with IS and VT treated as

constants plus an additional voltage drop due to a resistance R, as shown in

Eqn. 2. Typical values of R are 0.05 ohm for a rectifier with a maximum
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current of 1 ampere.

vD - m VT ln(1D/IS) ID R (2)

One of the advantages of forward-biased diodes is that they clamp

transient currents at a very small voltage, about 0.6 to 2 volts. This Is the

smallest clamping voltage of any presently available semiconductor. Diode

clamps are particularly useful to prevent the base-emitter junction of a

transistor from being reverse-biased.

Diodes do not switch instantly. When a semiconductor diode is suddenly

switched from zero current to a strongly forward-biased condition (e.g. 500 mA

3 constant current), the voltage across the diode reaches a peak value that can

be more than 10 times the steady-state value. The time required for this

* 'transient voltage to decay Is known as the "forward-recovery time." This

* 1 phenomenon has been discussed by Cooper (1962). An "ordinary" 1N4007

industry-standard rectifier was connected across the output terminals of a

Hewlett-Packard 214B pulse generator so that the diode was forward-biased.

The voltage across the rectifier was monitored on a Tektronix 7844 dual-beam

oscilloscope. The open-circuit voltage (without the rectifier) was a 60 volt

rectangular pulse that was on for 2 us and off for 500 us. Peak current in

the diode was 1.4 A. A plot of the voltage vs. time is shown In Fig. 6-3. In

this situation the voltage across the forward-biased diode was greater than 2

* :volts for 0.4 us. This experiment shows that forward-biased diodes do not

S'"* always have a 0.6 or 0.7 volt drop across them, as is assumed in undergraduate

electronics classes for engineering students. The forward-recovery time Is

'----','. .. .._ '. '.. " '..'' " '. .. '- ... ''' '.''..'.. .. ..... " ... ".'.'- •.. '. ".. " ." ." " . -

--*- i*** *..• *• . * . . ,, . . , ., °, .- . , . • ,.- . . . *
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• .particularly long In high-voltage rectifiers (e.g., the IN4007 has a reverse

breakdown voltage of at least 1000 volts). Therefore, when diodes with a fast

response are needed In transient protection circuits, the diodes will have a

--small reverse-breakdown voltage specification (e.g. 75 to 200 volts).

When a conducting diode is suddenly reverse-biased, the current does not

drop to zero Instantly. For a brief period (which can be as long as tens of

microseconds, depending on the diode construction), the diode will conduct

current in the reverse direction. The duration of this brief period during

which the diode fails to rectify is known as the "reverse-recovery time." In

r Fmost cases the reverse-recovery time is greater than the forward-recovery

* time, so the reverse-recovery time can be used as a measure of the diode's

speed.

We shall discuss four sub-classes of silicon diodes in this section.

1. core switching diodes (e.g. 1N4447)

2. ordinary rectifiers (e.g. 1H4004)

3. fast-recovery rectifiers

4. Schottky barrier diodes

The 1N914 and 1N916 switching diodes were developed for use in computer

core memories. The 1NM47 Is the same semiconductor as the 1N916A, but the

1N4447 has an Improved internal heat sink so that it can tolerate about twice

the power or current of the tN916A. The 1N4447 diode features:

a small capacitance (less than 2 pF at 0 volts across the diode),

fast response (reverse recovery time < 4 ns for I F - R - 10 mA),

quite inexpensive (about $0.15 each in quantities of 100),

. .*
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relatively low leakage devices (less than 25 nA at 20 V reverse bias).

The JEDEC ratings specify a maximum DC current of 0.4 A, I A for 1 3, and 4 A

for 1 0s. (We mention In passing that It is unusual to find 1 Us surge

current ratings in JEDEC specifications. The reason is that in the original

application for these diodes, which was switching magnetic core memories, the

current was applied In brief pulses instead of a continuous current.)

The 1N4448 is an improved version of the 1N914B. The 1N4448 is similar

to the the 1N47, but the 1N4448 has less bulk resistance and slightly

greater capacitance (less than 4 pF at 0 V across the diode).

The 1N4148 is an industry-standard switching diode and may be somewhat

easier to obtain than the 1N4447 or 1N4448 types.

A rectifier is a diode that is designed to conduct steady-state currents

of the order of 1 A or more. Ordinary rectifiers are Inexpensive and have

large surge current ratings (e.g. a rectifier that is rated to carry 1 A

steady-state can tolerate a peak current of 30 A for one pulse of half-wave

rectified 60 Hz sinusoidal waveform), but can be slow (e.g. reverse recovery

times of'a few tens of microseconds). The typical capacitance of a 1N4004

rectifier at 0 V is about 15 pF.

:.7:: ...............
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Fast-recovery rectifiers overcome some ot the disadvantages of ordinary

rectifiers, but are more expensive and have a larger capacitance and larger

reverse leakage current than ordinary rectifiers of the same steady-state

current and reverse breakdown ratings. State of the art fast-recovery

rectifiers have reverse recovery times of the order of 30 ns. Other "fast-

recovery" rectifiers have reverse recovery times of the order of 200 ns.

Schottky barrier diodes and rectifiers are among the fastest diodes

*available. However they have a rather small reverse breakdown voltage rating

(20 to 80 volts is a common range) and a rather large capacitance (200 pF at 0

V is typical for a diode that is rated to conduct 1 A steady-state). Schottky

diodes begin to conduct at about 0.3 volts forward-bias, compared to about 0.6

volts for regular silicon diodes. Schottky diodes also have a much larger

leakage current than regular silicon diodes when reverse-biased.

" "Two diodes connected in anti-parallel form a bipolar clamping circuit, as

I shown In Fig. 6-4a. Such a configuration is available in a single package

from several companies (e.g. General Semiconductor Industries GSV 103, General

Instrument SV100-1, Schauer SV1). Such devices are often called "silicon

varistors", but the use of the word "varistor" to describe a semiconductor

Junction should be deprecated.

When a larger clamping voltage is desired, but the large capacitance of

zener or avalanche diodes is unacceptable, one can form series strings of two

or more forward-biased diodes, as shown in Fig. 6-4b. For bipolar protectin,

two series strings are connected In anti-parallel. Such a configuration is

available in a single package from several companies (Ueneral Semiconductor

.......,

*.....m:.% * .'.. b,*.o
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Industries GHV-2 to GHV-16; Semicon LCC-2 to LCC-16).

LOW-LEAKAGE DEVICES

In many situations in electronic instrumentation a very large input

impedance (e.g. 10' Q to 1012 0) is required. An operational amplifier with a

junction field-effect transistor (JFET) or metal-oxide semiconductor field-

effect transistor (MOSFET) input stage is commonly used. Transient protection

of the input terminals is constrained by the specification that leakage

currents during normal opertion must be of the order of 10-' 2 ampere or less.

Very few devices can meet this requirement.

Spark gaps can meet this leakage current requirement, but the firing and

glow voltage of a spark gap will kill a semiconductor operational amplifier.

Further, spark gaps can be slow to conduct. Thus spark gaps alone are

inadequate protection.

Among semiconductor devices, it has been customary to use the gate to

channel diode of a JFET as a low-leakage diode, as shown in Fig. 6-5. These

diodes are used in the forward-bias mode during transient protection. Two

JFETs connected in anti-parallel as a bipolar diode are available in a single

package from several manufacturers (Siliconix DPADI, Intersil ID100). For

unipolar operation, one can connect a JFET that has a gate to channel leakage

current that meets the following specification:

"" r IG < 1 pA when VGS - 0 at a temperature of 25 celsius.

... *
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A popular model that meets this specification is the 2N4117A or FN4117A

.N (available in a TO-72 metal can package). The same device is available in a

less expensive TO-92 plastic package as part number PN411TA. One can also use

JFETs that have been internally connected as a diode (Siliconix PADI, JPAD5;

- Fairchild FJT1100).

The maximum steady-state gate current for the 2N4117A in a TO-72 metal

can package is 50 mA. This is a relatively large gate current, compared to

most other JFETs. The (V,I) characteristic curve for the 2N4117 gate to

channel diode is described by Eqn. 2 with the following typical values of the

parameters:

IS = 0.0019 pA VT - 28 mV Rbulk 20 n

3 IIn an important article, Damljanovic and ArandJelovic (1981) suggested

that GaAsP diodes be used for protection of input terminals of amplifiers with

large input impedance. They found that at 0.44 volts forward bias, a red

GaAsP light-emitting diode (LED) had over seven orders of magnitude less

current than a base-emitter Junction of a Si NPN transistor. A green LED was

even better. This difference is due to both lesser values of reverse

saturation current and greater threshold voltage for conduction in GaAs

compared with Si.

In order to confirm and extend this work, four parts were chosen to test:

1. Optron 0P290, an infrared LED that is designed for operation with

large current pulses (maximum 5 A for 250 us on, 20 ms off) and 125 mA

maximum steady-state.

.... A-7

.. . *' * * . *
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2. General Instrument MV5053, a red LED that has a relatively large

steady-state current rating (100 mA max) and is quite inexpensive (about

$0.25 each in small quantities).

3. General Instrument MV5094, a bipolar red LED. This device has a

maximum steady-state current rating of 70 mA, and is relatively expensive

(about $1.25 each in small quantities). This device may be preferable to

the MV5053 only when the available space is small, since Just one MV5094

is required for bipolar protection.

4. General Instrument MV5253, a green LED that is specified for 35 mA

maximum steady-state current. Green LEDs with greater current ratings

are not commercially available.

All three of the visible LEDs listed above are rated for a I A repetitive

pulse current of I us on, 333 us off.

The relationship between current and voltage in these LEDs and in a JFET

gate to channel diode are described by Eqn. 2 with the following typical

values of parameters:

- Model and type IS  m VT at room temperature V @ I -10 mA

PN4117A JFET 1.9.10- 1 5 A 28.3 mV 1.03 volts

OP290 infrared 3.4.10- 13 A 51.5 mV 1.24 volts

MV5053 red 1.2x10-17 A 47 .4 mV 1.63 volts

MV5053 green 1.1xi0- 19 A 48.8 mV 1.90 volts
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Fig. 6-6 shows the (V,I) characteristic curve for the LEDs and a PN4117 JFET

used as a diode. The relatively large bulk resistance of the JFET makes it

inappropriate for use where the current could exceed about 100 mA. The red

_ and green LEDs have a much smaller current at a given voltage than Si diodes,

* and are suitable for protecting electrometer inputs, as suggested by

Damljanovic and ArandJelovic (1981).

PIN DIODES

A PIN diode has a layer of intrinisic (I) semiconductor material between

r the positive (P) and negative (N) regions. Such diodes are usually employed

for switching very high frequency signals (v > 200 MHz) or for photo-sensitive

- applications. We are interested in PIN diodes because they have extremely

R Ismall capacitance (0.2 to 2.0 pF) and, therefore, might be useful to protect

input terminals of RF receivers. Most other semiconductor devices are

unsuitable for such applications owing to an unacceptably large capacitance.

.,
* Singletary, Clive, and Hasdal (1971,p.31) suggested using a PIN diode in

series with a zener diode to reduce the effective capacitance. This valuable

suggestion appears to have been ignored for a decade. Lesinski (1983)

patented a circuit that used a IN5719 PIN diode in series with a biased

'- avalanche device to provide transient protection for a UHF signal conductor.

Apparently PIN diodes have not been characterized with large pulse currents

- -that would be encountered during transient suppression.

| - .
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0 THYRISTORS

* I  Semiconductor thyristors are PNPN structures that are useful for

! switching very large currents. The two most common types of thyristors are

the silicon controlled rectifier (SCR) and the triac. The SCR can only

conduct current in one direction. The triac can conduct current in either

direction and is useful in AC applications. The SCR and triac each have two

terminals that act like a normally-open switch, and a third terminal (which is

called a "gate") that is used to turn the device on. The SCR is turned-on by

Si injecting positive charge into the gate and out of the cathode terminal. The

" .triac can be turned on by injecting either polarity of charge into the gate,

however, triggering can be accomplished at lesser values of gate current when

i the gate and main terminal nr. 2 (MT2) has the same polarity.

When the SCR or triac is on, the voltage across the conducting diode is

between about 0.7 and 2.0 volts, depending on the value of the current, with

..greater voltages for greater currents. Once the SCR or triac has been turned-

on, it continues to conduct until the magnitude of the current in the device

is decreased to less than the holding current, IH . Values of 1H at a

temperature of 25 celsius range between about 5 to 50 mA for devices that are

• "rated to conduct 5 to 15 Arms ' Both the SCR and triac are readily available

* in models that can conduct rms currents on the order of 5 to 50 amperes, and

are widely used as motor speed controllers and light dimmers.

r There are several attractive features of thyristors for use in transient

suppression circuits. Because the voltage across a conducting thyristor is

..... •.... .. . .... .. •
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less than that for a zener or avalanche diode, or for a varistor, the

thyristor operates at a lower temperature for a given current. The thyristor

is also designed to routinely tolerate large surge currents (e.g. switching an

incandescent lamp on). A SCR or triac will conduct spontaneously (without

deliberately injecting charge into the gate) when the rate of change of

voltage across the device, dv/dt, is sufficiently great. Such conduction may

(and probably will) damage the SCR or triac, if the magnitudes of the anode

current and dI/dt exceed specified ratings for the condition of a marginal

gate trigger current. This bars many types of thyristors from most

applications in transient protection circuits.

The principal disadvantage to the use of SCRs and triacs as transient

suppressors is that during the turn-on period (typically about 1 or 2 ps) the

magnitude of dI/dt must be kept small. When the thyristor begins to conduct,

some regions begin to conduct before other regions. If dI/dt is too great,

the higher conductivity regions will develop into "hot-spots" with resulting

thermal failure of the device. SCRs have been developed that can tolerate

values of dI/dt of at least 200 A/ps. Asymetrical silicon controlled

* rectifiers (ASCRs) are available that can tolerate values of dI/dt of at least

2 kA/ps. An ASCR needs to have a rectifier in series with the anode to prevent

conduction during reverse polarity.

One can decrease the turn-on time and increase the maximum tolerable

dI/dt by pulsing the gate of the SCR or triac with a very large gate current,

5 to 20 times IGT. (IGT is the minimum gate current that is required to

trigger the device when the main terminals are to carry the maximum steady-

state current.) Such gate triggering circuits are available in integrated

~~~~~~~. ...... ... . . . ................. - -----.. i., ,.a _. .. .... .,, .,'. . ... '.- . -. -*.. .- , -.*'. *. .. ,.*. .,.
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circuit form.

A possible disadvantage of SCRs and trIacs is that once they are turned-

" - on, they can be difficult to turn-off unless the current changes polarity

regularly (e.g. 50 to 400 Hz AC power application) or naturally decays to zero

(e.g. capacitor discharge appliction). In this respect they have the same

problem as the power-follow of a spark gap that is in operating the arc mode.

However, the holding current of a SCR or triac is usually an order of

magnitude smaller than the extinguishing current for a spark gap.

r The basic SCR transient protection circuit with a zener diode and

resistor in series with the gate terminal, shown in Figs. 7-1 and 7-2, was

patented by Gutzwiller (1965). De Souza (1967) added additional features,

which will be discussed in Chapter 13 on protection of DC power supplies.

* Voorhoeve (1975) used a triac and bipolar zener diodes, as shown in Fig. 7-3,

to reduce the number of components. These circuits have the disadvantage that

i •as the thyristor conducts, the magnitude of the gate current decreases. This

limited gate current increases the thyristor's vulnerability to damage from

large values of dI/dt.

Chowdhuri (1974) suggested using a varistor in series with a SCR to turn

off the SCR after the transient. This suggestion raises the question "Why not

use a varistor alone?" The conducting SCR would have less than 2 volts across

it and the varistor might have 300 volts across it (depending on the varistor

model and value of the surge current). The varistor will absorb nearly all of

S," the energy and essentially determine the clamping voltage. One concludes that

there is little advantage in Chowdhuri's suggestion. If large clamping

-- ,i....................-.-...."."....-.....,-."........................-."....-..-
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voltges are tolerable, a varistor alone can be used. Otherwise, a SCR circuit

may be used, but a varistor in series with a SCR offers no advantage.

Also in the class of thyristors are many unusual devices such as (1)

diacs, (2) silicon bidirectional switches, and (3) sidacs. Most of these

devices are commonly used to sipply gate current to a SCR or triac, and are

known as "trigger devices." These devices tend to be non-conducting until a

sufficiently large voltage of either polarity is placed across them, then they

abruptly switch into a conducting state. The value of the voltage at which

conduction (switching) takes place depends on the type of device and model

t number, but tends to be in the following range:

diacs 15 to 250 volts (30 volts common)

silicon bidirectional switch (SBS) 6 to 10 volts

sidac 95 to 250 volts

Manufacturers and part numbers for these unusual devices are listed below.

diacs SBS sidac

£

General Electric ST2 2N4991-4993

Motorola IN5758-5761 MBS4991-4992 MKIV series

Teccor HT series KIO50E series

Integrated circuits are available to control a SCR for overvoltage

protection. These integrated circuits provide a large gate current (more than

."

2-p-.
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100 mA) and fast response (less than 1 us) as well as offering a reduction in

the number of components.

Motorola MC3423 and MC3424"

Various integrated circuit protection devices exist that apparently

incorporate an internal thyristor. This type of device was introduced in 1983

and is expected to become widely used for protection of telephone lines.

SGS-ATES LS5120

RCA TA9271 (developmental model)

Motorola MPC2005

Thomson CSF TPA100A-12, TPB100A-12, etc.

.

.*~*. * . -. -. . .
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IMPEDANCES AND CURRENT LIMITERS (SERIES DEVICES)

INTRODUCTION

This chapter contains information on a variety of useful components in

transient protection circuits. Some of these components (e.g. resistors,

*inductors, capacitors, and fuses) are familiar items to electronics engineers

* .and technicians. We shall skip the familiar properties and concentrate on the

specific details that are important in transient protection applications.

I. Such details are often rather specialized knowledge. Other components (e.g.

. positive temperature coefficient resistors, bifilar chokes, lossy line) are

* 'specialized components that will be described more completely.

RESISTORS

Resistors are included in hybrid transient protection circuits, for

"-. example, between a spark gap and an avalanche diode. While this is not a

precision application, it is critical that the resistor remain undamaged by

exposure to transients. There are several ways that the resistor can fail to

function as intended.

1. A spark discharge could form in the air surrounding the resistor (a

phenomenon called "flash-over"). If the spark goes to ground, the

electronic devices are not likely to be damaged. If the spark were to

shunt the resistor, catastrophic damage to electronic devices downstream

" is possible.

..................- • , ° . . .
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2. Dielectric breakdown could occur inside the resistor package. The

resulting arc could shunt part or all of the resistive material, with a

resulting increase in current. The increased current may damage devices

that are downstream from the resistor.

3. Overheating produced by very large power dissipation could vaporize

the resistance material, and cause the resistor package to explode. If

the resistor were in series with the normal signal path, such an event

could cause the system to fail, just as if a wire were broken.

4. Overheating produced by very large transient power dissipation could

permanently damage the resistance material (e.g. cause a permanent change

in the resistance value of the order of 10% or more), without producing a

short or open circuit. It is likely that the resistor would continue to

be functional for transient protection applications after a few such

changes.

Consider a 22 ohm, 0.5 watt (steady-state) carbon composition resistor

, that is connected between a 150 volt spark gap and a 15 volt avalanche diode.

If a 500 volt pulse were suddenly applied to the spark gap, the resistor would

* have an instantaneous power dissipation of about 11 kW, before the spark gap

conducts. Most engineers who are unfamiliar with transient design would take

one look at the 11 kW power dissipation and conclude that the resistor would

be destroyed. If the spark gap were to remain non-conductive for 1 us (a not

unrealistic assumption), about 11 mJ of energy would be deposited in the

resistor. The energy deposited in the resistor by the pulse is small, and'it

is quite likely that the resistor would survive. Once the spark gap goes into
p.

h°
-

.
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[* the arc mode (20 volts across the spark gap), the power dissipation in the

eI • resistor is only about 1.1 watts, a modest overload.

There have been several empirical studies of the ability of resistors to

tolerate large pulse currents (Lennox, 1967; Domingos and Wunsch, 1975). The

* conclusion of this research is that carbon composition and wirewound resistors

are able to survive large transient power dissipations. Metal-film and

carbon-film resistors are not as suitable owing to concentration of current in

a thin layer of material and owing to internal dielectric breakdown between

adjacent turns of resistive material in a helix pattern.

A 100 0, 0.25 watt (type RN65) metal film resistor can survive a pulse

with a 4 mJ energy content whereas a carbon composition resistor with the same

S ratings that is manufactured by Allen Bradley can survive 50 mJ (Lennox,

1967). Allen Bradley 1 watt carbon composition resistors between 51 9 and 20

"" ko can survive pulses of at least 200 mJ.

In addition to the maximum power rating, which is familiar to all

electronic engineers and technicians, resistors also have a maximum working

voltage rating. The maximum working voltage rating is given as a steady-state

value between the two terminals of the resistor for some common devices in the

following list:

MIL style DESCRIPTION max working voltage

RC07 0.25 W carbon composition 250 volts

. RC20 0.5 W carbon composition 350 volts

" RC32 1.0 W carbon composition 500 volts

RC42 2.0 W carbon composition 750 volts

• ,.',..'a' .-. . . . . - * >'.N :: -.: i,4 * * 4.. 4 ...~~. .""e-..4-' t , .-P " - ",
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RW67V 6.5 W wirewound 4OO volts

(e.g. Dale RS-5, IRC/TRW AS-5)

Operation of the resistor at greater voltages invites premature failure from

Internal dielectric breakdown. It is not clear how to apply this information

to transient protection applications. Certainly, one can do a conservative

design and specify resistors with steady-state voltage ratings equal to or

greater than the worst-case transient situation.

The reader is cautioned that there is another maximum voltage given in

resistor specifications, called "dielectric withstanding voltage". This value

is the maximum voltage between either terminal and the exterior of the case of

the resistor. The value of the dielectric withstanding voltage is Important

when the resistor Is to be mounted next to~ a conducting metal chassis.

Real resistors have parasitic shunt capacitance and series inductance.

Woody (1983) measured values between 1 pF and 2 pF for 17 different resistors

of various types, with a typical value of 1.6 pF. At 10 MHz a capacitance of

*1.6 pF has a reactance of about 10 kQ, which is much larger than the

resistance values that are commonly used in transient protection circuits.

* Thus, the parasitic capacitance of the resistors is not expected to be a

problem in transient protection applications. Parasitic inductance is more

significant in transient protection applications.

[."1

Woody (1983) measured the parasitic inductance of 15 different resistors.

He found about 20 nH inductance In an Allen-Bradley 56 fl, 0.25 W carbon

cersr

.- . .
.. * . ...
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Inductance: values ranged from about 0.3 pH to over 1 pH. Because transients

.0 are a high-frequency phenomenon, the inclusion of parasitic inductance in the

real resistor will act to increase the magnitude of the impedance during

transients. Since resistors are included In transient protection circuits to

increase the impedance between two points (and thus limit the current), the

parasitic inductance will usually be helpful in transient protection

applications. For example, a parasitic inductance of 0.3 .H has a reactance

of about 19 9 at 10 MHz. If this inductance is in series with a 10 Q

resistance, the magnitiude of the impedance will be about 21 S1, more than

twice the resistance.

t

The idea of placing a resistor in series with a node to be protected is

*. so simple that it is often ignored as a protective technique. A resistor

i alone is probably the least expensive transient protection circuit, although

it has limited ability to protect vulnerable devices. Van Keuren (1975)

showed that the minimum failure level for a 5510 integrated circuit line

- driver increased from 38 volts to more than 100 volts when a 270 0 resistor

.-. was inserted in series with the input terminal. Burger (1974) briefly

S.. discussed protection of semiconductor junctions with a series resistor.

PTC RESISTORS

Nearly all non-linear devices that are used for transient protection of

' "- electronics have a smaller resistance for greater voltages across the device.

"" Such devices are suitable for shunt elements in,protection circuits. It would

I ibe attractive to also have a device whose resistance increased as the voltage

across it increased. This kind of device would be suitable for series

.

• ~~~~.•. • . . . . . . . . ° . . "° . . . . o" ."- - . ** ,- o , .. -. .*. - . - -. . ,-*- *. -°* *- _* . *. .. . . • - . - -C•. * * * - • * . - 1
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insertion and would decrease the power dissipated in shunt protective elements

that are located downstream from the non-linear series element. Unlike the

shunt elements, the non-linear series element does not necessarily require a

capability to carry a large current or absorb a large energy pulse. However,

the series element must be able to tolerate large transient voltages across

the device without breakdown or flashover.

There is a remarkable family of devices known as "positive temperature

coefficient (PTC) resistors." The PTC resistors have an approximately

constant resistance at temperatures below the switch temperature, TS. At

internal device temperatures above TS, the resistance increases dramatically

* (e.g. (I/R)(dR/dT) is 30 to 60 %/0C). The maximum resistance is typically a

*factor of 104 greater than the cold resistance (i.e. the resistance below TS).

Because of this dramatic change in resistance, PTC resistors are used as

resettable fuses to protect motors or transformers from overheating or from

*. damage by sustained excessive currents.

Most PTC resistors are fabricated from a bulk barium titanate

semiconductor, Ba Ti 0 (Andrich, 1966; Saburi and Wakino, 1963). Raychem

Corp. fabrictes PTC resistors from conductive polymers. The polymer devices

have carbon black dispersed in a plastic matrix. When the plastic reaches the

switch temperature, it has a phase change, expands, and disrupts the

conducting paths of carbon (Doljack, 1981).

The common values of TS are between about 40 and 120 celsius, depending

on the materials in the PTC resistor. Values of cold resistance range from

about 22 n to 330 0 for barium titanate devices and from about 0.01 0 to 22 Q
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for conductive polymer devices.

The barium titanate PTC devices exhibit a negative temperature

coefficient behavior when sufficiently large voltages are applied across the

m mdevice. If such large voltages are maintained for a time on the order of one

second or more, thermal runaway will occur with consequent degredation or

destruction of the device. The designer of transient protection circuits

should check prototypes of barium titanate PTC devices to be certain that

after switching they maintain suitably large resistances at all voltage levels

that could be encountered in the application. PTC devices that are rated for

120 Vrms (or more) maximum voltage appear to be suitable for insertion between

a spark gap with a 90 to 150 VDC firing voltage and a zener or avalanche diode

with a smaller conduction voltage.

The conductive polymer PTC devices appear to be able to withstand very

large voltages across the terminals without damage, and do not exhibit the

negative temperature coefficient properties of barium titanate devices

Moreover, the polymer PTC devices have a larger temperature coefficient than

barium titanate devices, so the switching action of the polymer PTC devices is

more abrupt.

PTC resistors are sold in the U.S.A. by the following companies:

Keystone Carbon Company, Thermistor Div.

Mepco/Electra (N.V. Philips components)

Midwest Components Inc.

Murata-Erie

..
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Raychem Corp., Polyswitch Div.

Siemens

INDUCTORS

Because an inductor has a voltage drop that is proportional to the rate

of chanve of current in it, the inductor is an attractive device for transient

protection circuits. To be suitable for transient protection applications an

inductor should meet all of the following criteria.

1. Thick insulation on wire in the coil to prevent dielectric breakdown

between adjacent turns. Bell Laboratories (1975, p.10 8 ) recommends

magnet wire with a thick vinyl acetal resin varnish insulation, e.g.

Formvar, trademark of Belden Corportion. Regular hook-up wire with

polyvinylchloride or polyethylene insulation of at least 0.4 mm thickness

(and 1 kV rating) would probably be even more suitable, however it also

has a larger volume.

2. The high-permeability core in the inductor (e.g, iron or ferrite)

should not saturate at small values of transient current.

3. The inductor core should be insulated from the coil with TFE

(tetrafluoroethylene) tape [Teflon, trademark of du Pont] to prevent

both dielectric breakdown and removal of insulation from the wire by

mechanical stress (Bell, 1975, p.108). One might also consider polyvinyl

chloride insulated wire with a nylon jacket.

. .
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4. Multiple layers of wire on the coil should be avoided because this Is

inevitably associated with an appreciable capacitance between layers.

This parasitic capacitance tends to short-circuit at least part of the

Inductor during transients.

5. Large diameter wire (e.g. at least 22 AWG) should be used for the coil

winding due to mechanical stress expected during transients.

During surges with large values of current, the coil will encounter large

mechanical stresses due to magnetic forces. If the coil Is not properly

designed, such forces can cause the wire to break. Miniature coils that are

designed for use in radio-frequency circuits with steady-state currents on the

K Eorder of I to 50 mA are not suitable for transient protection applications.

When inductors are inserted into transient protection circuits, there is

m a reduction in bandwidth due to the filter that is formed with other elements

(e.g. parasitic capacitance of varistors, zener diodes, or avalanche diodes;

deliberate inclusions of capacitors to form a filter). Digital and analog

data communication lines often require a bandwidth of 10 kHz or more. Since

lightning has appreciable energy in the frequency range between 100 Hz and 1

MHz, frequency discrimination is an inappropriate technique for protection

against lightning when the signal bandwidth is in this region. Other

transients, notably NEMP and ESD, have appreciable energy in the I MHz to 100

MHz region. Thus inductors are likely to be particularly beneficial when the

signal bandwidth is restricted to either greater than about 500 MHz or less

than about 20 Hz.
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iAnother consideration is that for circuits that have a normal current on

the order of a ten milliamperes or less, the IR drop across a series resistor

of 10 to 50 ohms is not particularly objectionable. Most analog and digital

signals are in this range of currents. Since resistors are less expensive

than inductors, most circuit designers will specify a resistor rather than an

inductor.

For these reasons, inductors have been more commonly used in transient

protection circuits for power lines (DC to 400 Hz normal operation) than In

* analog or digital data lires. The large currents (e.g. 0.5 to 15 amperes) in

power circuits make appreciable series resistance undesirable, so an inductor

is the only acceptable series device. Furthermore, it is possible to design

economical LC filters that offer considerable attentuation of transients, but

have negligible effect on normal power transmission.

A "magnetic variable resistor", shown in Fig. 8-1, was invented by Person

(1969) for use in a lightning surge arrester. Because the resistor is

fabricated from a permeable material, it probably behaves more like an

inductor than a resistor. Still, this Is a clever device.

FERRITE

The inductance of a coil with a given shape and number of turns can be

increased by placing a high-permeability core inside the coil or surrounding

the conductor. For attenution of transients and noise, it is generally

recommended that the core be a ferrite material. Ferrites are a ceramic

-. o ",°•"". . '" . . . • , ° / " . " . ". . - " . . ° . . -- % . - ° '' ' '. o. % °° o *" ° °. ° . '' " .° . " - " • ° "• " %
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material with a large permeability and small conductivity. At frequencies

above about 1 MHz the effect of a ferrite core on a circuit can be modeled as

a resistance in series with an inductance. The presence of the resistive (or

lossy) part of the impedance will damp any oscillations caused by the

Interaction of the inductance with capacitance elsewhere in the circuit. In

addition, the resistive part of the impedance will act to dissipate transients

rather than Just reflect them (Bell, 1975, p.106-7).

Small cylinders of ferrite material with an axial hole for conductor(s)

are called "ferrite beads" and are widely used to cure electromagnetic

interference problems. As an indication of the effect of ferrite beads, a

representative specimen was slipped on a piece of 20 gauge copper wire that

was fashioned into a loop with a diameter of about 9 cm. The impedance of the

loop was measured on a Hewlett-Packard model 4 192 LCR meter before and after

the bead was inserted. At 100 kHz, a single Indiana General (Permag) F1832-1-

06 bead added about 7 UH to the loop.

IFILAR CHOKE

A bifilar choke is a four terminal component that is useful for inserting

inductance in series with common-mode sources, but has negligible inductance

in series with differential-mode sources. In this way, the use of a bifilar

choke on a balanced line has a minimal effect on the bandwidth for normal

signals, which are differential-mode, but offers substantial attenuation of

common-mode transients and noise. All bifilar chokes have two independent

coils of the same size and number of turns. These coils are commonly wound on

a toroidal core of ferrite, as shown in Fig. 8-2. The use of a ferrite core

2..2
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introduces an appreciable resistive (lossy) component to the reactance, which

is a desirable feature for transient and noise suppression. An additional

feature of bifilar chokes is that there is no core saturation from large

differential-mode currents (Sandia, 1972, p.348).

Measurements were made of the common-mode and differential-mode

inductance presented by two commercial bifilar chokes on a Hewlett-Packard

model 4192 LCR meter. These chokes are wound on a toroidal ferrite core.

common-mode diff-mode

Bifilar Choke frequency inductance inductance

Siemens B82722-G2-A1O 0.1 MHz 9.7 mH 29 JH

1.0 MHz 16.6 mH 31 uH

Siemens B82724-G2-A14 0.1 MHz 8.4 mH 25 UH

Notice that the differential-mode inductance is about 0.3% of the common-mode

inductance at 100 kHz. Therefore, these bifilar chokes will present a larger

series impedance to common-mode signals than to differential-mode signals.

Bifilar chokes are one of the oldest transient protection techniques. A

relatively ancient reference to bifilar chokes is in a patent by Rovere,

Estes, and Milnor (1934). These engineers were interested in protecting

carrier telegraph and telephone circuits from lightning.

CAPACITORS

Capacitors are commonly used as shunt elements in low-pass filters and as

bypass applications on DC supply lines. Capacitors may also be used as series

{< ..
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elements when the signal frequency is greater than about 10 MHz (e.g. radio

frequency applications). The important properties of capacitors in such

* applications are capacitance (of course), DC voltage rating, the parasitic

inductance of the real capacitor, and the details of what happens when the

* voltage rating of the capacitor is exceeded.

An ideal capacitor has an impedance that is proportional to 1/f, where f

is frequency. However, for all lumped element capacitors (the kind used in

circuits below a few hundred megahertz), there is a resonance frequency f0 due

to internal inductance of the capacitor. At frequencies greater than fo, the

impedance of the capacitor is dominated by the inductance term. The impedance

* -is then proportional to f, Instead of the I/f proportionality that one would

expect of an ideal capacitor. The value of fo is usually between 1 MHz and

100 MHz for non-electrolytic capacitors that are commonly used in electronic

circuits. This implies that a capacitor in a circuit may behave as an

inductor when transients with appreciable high-frequency content are present.

Techniques for reducing the effects of inductance in capacitors on circuit

performance is discussed in the Chapter 9 on parasitic inductance.

Tasca (1981) described tests of various capacitors when charged with a

pulse of constant current. Breakdown voltages of glass, mica, ceramic,

plastic, and paper dielectrics were independent of the rise time of voltage

over the interval between 0.01 us and 20 us. For capacitors with a DC

breakdown voltage rating of 100 to 600 volts DC, the actual breakdown voltage

was usually about a factor of 10 to 15 greater than the rated voltage. The:

ratio of actual breakdown voltage to the rated voltage gives a safety factor.

About 0.3% of the capacitors had a safety factor as small as 2. This provides
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a comfortable margin of safety.

Tasca (1981) found that tantalum electrolytic capacitors when pulsed with

a polarity that was the same as the normal working polarity exhibited a

breakdown behavior similar to an avalanche or zener diode. The voltage across

the tantalum capacitor was approximately constant at a value between 2 and 10

times the maximum rated working voltage.

When capacitors are used in applications where the voltage rating may be

exceeded, it is important to specify "self-healing" capacitors. Such

capacitors are commonly made with metal electrodes that are deposited In

vacuuo on a plastic dielectric sheet. (If the dielectric, for example, is

polyester, the capacitors produced by this method are known as "metalized

polyester" types.) The thickness of the electrode is usually less than a few

micrometres. If the dielectric should break down, the resulting arc

evaporates the thin electrode in the region of the arc. The arc then

extinguishes automatically when the radius between the dielectric puncture

site and the solid metal electrode becomes too great to maintain the arc. The

capacitor is not damaged by this process, which is known as "self-healing".

Metalized plastic dielectric capacitors are not the only self-healing

capacitors. One can also make self-healing capacitors with a paper

dielectric. Paper dielectric capacitors are obsolete in essentially all

applications except AC power line bypassing, an application that is relevant

to transient protection.

It may seem plausible to use a shunt capacitor to store the charge that

. ."
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is transferred during electrical overstress, thus reducing the voltage. This

S technique can be quite effective for electrostatic discharge (ESD), where the

total charge transfer is usually less than one microcoulomb. We get this

value from considering the 150 pF capacitance of the human body at 6.7 kV; 6.7

II kV is a larger voltage than usually encountered during ESD. The addition of a

0.01 UF shunt capacitor will reduce the 6.7 kV potential difference to

slightly less than 100 volts.

However, when large transients from lightning or NEMP are encountered, it

- is not economical to divert the transient with a shunt capacitor. For

r example, the standard 8x20 us test waveform with a peak current of 10 kA

contains 0.328 coulombs of charge. A capacitance of 3280 pF would be required

to have 100 volts across the line. This large value of capacitance is

economically obtainable only when aluminum electrolytic capacitors are used.

Such capacitors have relatively large internal series inductance and are not

effective for transient suppression or pulse current applications. Even if

one could obtain a suitable capacitor, the drastic reduction in system

bandwidth and increase of output current drive requirements that results from

insertion of such a large capacitance value would probably be unacceptable

except on DC power supply lines. If the output impedance can be kept to 1 Q,

the system could still have a 48 Hz bandwidth, which is adequate for many

slowly-varying signals. However, the amplifier whose output is connected to

this 3280 UF capacitor must supply a current with a peak value of 10 amperes,

in order to obtain a 10 volt sinusoidal signal at 48 Hz. Typical output

currents of integrated circuit amplifiers are of the order of 10 mA, so one

would have to sacrifice either the amplitude of the output voltage or

bandwidth in order to use these integrated circuit amplifiers with such a

.... . .-
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large capacitance.

FILTERS

Prefabricated filters are one of the principal components available to

engineers to prevent systems from dumping high frequency (v > 0.5 MHz) noise

into power lines and into communication cables (or to prevent such noise from

entering a system on the same conductors). For optimal benefit, these filters

must be used in conjunction with an effective shielding technique.

In order to save space and maintain the integrity of shield topology,

filters are being included in pins inside connectors. The mating connector is

attached to a conducting plane, commonly a bulkhead or chassis. The noise

removal must be accomplished in a feed-through arrangement as shown in Fig. 8-

3. Fig. 8-4 illustrates the two other ways to connect a filter, both of which

are undesirable. There are no other good choices given a single layer shield.

Before one attempts to use a filter module for attenuation of electrical

overstresses, one must be certain that the spectrum of the possible

overstresses does not overlap the bandwidth of the signal. A condensed review

of the nature of overstresses was given in Chapter 1. We saw that

overstresses can have nanosecond rates of rise (e.g., electrostatic discharge

and EMP from nuclear weapons) and can continue for tens of milliseconds (e.g.,

continuing current in lightning), the possible spectrum for overstresses

extends from about 100 Hz to 1 GHz. However, not every possible source of

overstress will be important in a particular application, so that, for a

particular application, the threat spectrum might be considerably smaller than

..........................................
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this estimate. If the overstress spectrum includes the bandwidth of the

* signal, then filters are not a reasonable protection technique.
,S

In some situations conductors can carry large amplitude transients

UM (currents greater than 100 A, voltages greater than 2 kV). It is not

economical to design filters for such situations when non-linear shunt

elements (e.g. spark gaps and varistors) are available.

The small shunt impedance of a spark gap, varistor, diode, or other non-

linear device during a transient can cause reflections. In this view, the use
of a non-linear device did not "solve" the problem of transients, it merely

dumped the transient back on the line. This is frequently mentioned as a

reason not to use non-linear devices. However, low-pass LC filters (without

Klossy elements) also reflect transients. While we can hardly advocate

casually introducing reflections, one should recognize that reflecting the

transient away from a vulnerable load does protect the load.

i
The application (and particularly mis-application) of non-linear devices

is not without hazards and disadvantages. However, reliance on filters (and

shielding) alone can also be unsatisfactory. In particular, the very large

voltages and currents in some worst-case transients overwhelm filters.

• Laboratory tests have shown that some prefabricated filter modules suffer

-. arcing between an Input terminal and ground at voltages between 5 kV and 10

*. - kV. Failure of insulation can also occur inside the module, where it may

cause degredation of capacitors or inductors.

A spark in air at the external terminals of a filter module has

*

S. . . . . .. S ** . * * * *
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approximately the same effect on the circuit as a discharge inside a spark

gap. Actually the spark gap is better: its properties are more predictable,

and the spark gap may respond more quickly owing to radioactive preionization

and other features. Aboard a military aircraft, for example, the air

pressure, and hence the breakdown voltage, changes dramatically with altitude.

The spark gap, which was discussed in Chapter 3, is a sealed system that is

free of effects due to dust, dirt, and ambient air pressure.

Breakdown of insulation inside the filter module is generally

undesirable. If it can be confined to "self-healing" capacitors, the

insulation breakdown may have no serious consequences for the reliability of

the filter module. However, it is not simple to predict the output of the

filter module during internal breakdown.

Given that filters fail by either internal or external arcing, one may as

well combine spark gaps and/or varistors with filters that may be exposed to

high voltages. In that way the curent is carried in a predetermined path and

does not degrade the filter's future performance. This recommendation has

also been made in DoD DCPA TR-61A (1977). Bell Laboratories (1975, p.107-8)

recommends that filters have an inductive Input and be preceded by a spark

gap, as shown in Fig. 8-5. The input inductor of the T filter shown in Fig.

8-5 is said to be less vulnerable to damage than the input capacitor of a r

filter. Moreover, the input inductor produces a large voltage across the

spark gap during a transient that has a large value of dI/dt. This large

voltage across the spark gap causes the spark gap to conduct more rapidly.

The internal breakdown problem can be eliminated by installing

... ./ ......-. .. ..... ... -., ... -., ... .. .• .o ..-. ... ....- . .... -.
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appropriate non-linear devices In parallel with shunt capacitors in the

filter. Metal oxide varistors would be particularly desirable in this

application since they can conduct large surge currents, have no discontinuity

in their (V,I) curve, and respond rapidly to overvoltages. In addition, one

can easily obtain varistors that have negligible conduction (less than 1 mA

DC) at voltages below 1 kV. The parasitic capacitance of varistors is large

enough (100 pF to 10 nF) to act as an additional shunt capacitance, which

might act to reduce the effects of parasitic inductance in the filter

capacitor, or even replace the filter capacitor.

The concept of combining varistors and ferrite core inductors to form a n

filter, as shown in Fig. 8-6, has been investigated and endorsed for filter

modules for signal lines (Campi, 1977). Campi's filter was to be a pin in a

multi-pin electrical connector. In this way, the transient protection was

conveniently included in the system along with proper shielding.

Prefabricated filter modules are characterized in a test fixture with

purely resistive 50 Q source and load impedances. However, in actual use the

source or load impedance might be reactive. In such a case, a resonant

circuit might be formed, which might amplify, rather than attenuate, the

transient (Bridges, et al., 1976, p.6-5). As in many other situations, design

of equipment requires confirmation in the laboratory before the equipment

should be put into production.

LOSSY LINE

Most transient protective devices operate by shunting the transient to

I..
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ground through an element with a very small impedance (e.g. spark gap,

varistor, diode, or capacitor In a w filter). When the interaction of the

line and the transient protection circuit is viewed from transmission line

theory, one realizes that an appreciable part of a rapidly rising transient

will be reflected by the TPD which approximates a short-circuit termination.

Other types of transient pr:-tection circuits (e.g. the inductor input of a T

filter) may approximate an open-circuit termination, again producing a

reflection of an appreciable part of a rapidly rising transient.

It would be desirable to attenuate these reflections. Otherwise, the

reflections may radiate energy into other systems and cause problems there.

Also the reflections may produce overstress on the cable and cause insulation

to fail. Ultimately, the transient energy must be converted to heat. We want

to do this in a controlled way so that no damage occurs anywhere. One could

use ferrite core inductors or resistors to accomplish this.

%.

There are several ways in which the cable itself can be converted into a

filter to exponentially attenuate transients that propagate along the cable.

The simplest way Is to use wire with a large resistance per unit length. This

is the solution adopted by manufacturers of oscilloscope probes for use with a

(I M 11 20 pF) input impedance. The coaxial cable In these probes has a

center conductor of nickel-chromium alloy and a resistance per unit length

between about 130 O/m and 350 9/m. Unfortunately for transient protection -_a

applications, this resistance wire only has a diameter of the order of 75 to

100 Mm. During a large current pulse this thin resistance wire might melt.

-7-a
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A more robust coaxial cable with a center conductor of resistance wire is

available as military type RG-222 (formerly RG-21A). The center conductor is

1.4 mm diameter Nichrome wire, the outer conductor is a double shield of

N; .silver plated copper braid.

C/L - 95 pF/m

LI. - 0.24 uH/m

R/ - 0.65 l/m

z, - 50 n

-0.14 dB/m at 10 MHz

* "-0.31 dB/m at 50 MHz

-0.42 dB/m at 100 MHz

-0.60 dB/m at 200 MHz

-0.87 dB/m at 400 MHz

Another approach is to use a magnetic lossy medium between the center and

outer conductors of coaxial line. This approach has been used by Capcon, Inc.

*2 in their proprietary "LossyLine" cable. They report attenuations of 65 dB/m

at 100 MHz with this cable. Another proprietary Capcon, Inc. cable uses a

helical center conductor with lossy material both inside the helix and between

the helix and the oute shield. This helixed cable has a reported attenuation

of about 425 dB/m at 100 MHz.

All cable will become lossy at very high frequencies owing to skin

effects. At high frequencies the current is concentrated in a very thin

layer, called "skin", on the exterior of conductors. The thickness of the

* *.. * * ,* S *bt * * ..
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skin is inversely proportional to the square root of frequency, so as the

frequency increases the skin depth decreases. As the skin thickness -

decreases, so does the cross sectional area for current flow. Since the

conductivity of the metal is independent of frequency, the resistance per unit

length increases with frequency. As a consequence, cables become more lossy

at high frequencies.

FUSES AND CIRCUIT BREAKERS

The conventional wisdom is that fuses and circuit breakers are too slow

to be effective in transient protection circuits. However, there are several

reasons why we ought to discuss them anyway. First, generalizations that are

usually valid have a way of inhibiting progress by restricting designers from

breaking the rule in exceptional cases. Second, fuses continually appear in

transient protection circuits, often in ways that may do more harm than good.

Third, there are valid reasons to include fuses in the output of DC power

supplies and to isolate defective loads from an AC power line. Thus fuses

might be included in a transient protective circuit, with resulting increase

in reliability of the system.

There are many different types of fuses and circuit breakers, each of

which is available in a variety of different current ratings. A fuse is an

expendable component that is designed to become a permanent open-circuit when

exposed to excessive current. A circuit breaker is a device that opens a

circuit when excessive current is detected, but can be reset manually (or

automatically on some models) to restore the circuit.
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The common model of "fast" fuse used In electronic equipement is a glass

II cylinder 1.25 inches in length, 0.25 inch diameter (known as type 3AG or AGC).

The 1 A rated model typically takes 1 second to open at a 2 A current (maximum

of 5 seconds at 2 A). At very large overloads the fuse Is much quicker: at 10

- A the 1 A fuse typically takes between 7 ms and 20 ms to open (Buss catalogue

SFB, c.1978; Littelfuse Catalogue 19, 1977; Gould Shawmut Bulletin GF, 1980).

Circuit breakers tend to be slower than fuses, although they are

satisfactory to prevent fires from excessive current in wires.

Martzloff (1983) found that the value of the action integral, I2 At,

- . required to open a fuse was essentially constant from 0.1 seconds to about 10

us. A "fast" 10 A fuse had I At - 200 A s. To open this fuse during a 8x20

3 I js waveform, a peak current of about 10 kA was necessary. This is near the

maximum rated interrupting capability of this fuse. At larger peak currents

" the arc inside the fuse that is opening may not extinguish.

I
There are two common ways to use a fuse as shown in Fig. 8-7. Before we

discuss the circuits shown in Fig. 8-7, it is worthwhile to explictly mention

that the fuse shown In Fig. 8-7 is symbolic of any device that normally has a

low impedance, but changes to a very large impedance when excessive current

passes through it. In particular, the fuse could be replaced by a PTC

resistor or a circuit breaker. Likewise, the varistor shown in Fig. 8-7 is

symbolic of any device that normally has a large impedance, but changes to a

very small impedance during electrical overstress. In particular, the

r varistor could be replaced by a spark gap, avalanche diode, or triac.

.........................-. ''
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There are several possible hazards that could result in damage to the

source In Fig. 8-7 (1) the load may fail and draw excessive current, (2) a

crewman or repairman may make a mistake while connecting cables and

inadvertently short-circuit the source, (3) the Insulation on the wires may be

O damaged and short-circuit the source, or (4) the varistor might fail as a

short-circuit. The circuit in Fig. 8-7a protects against all of these hazards

to the source, while the circuits in Fig. 8-7b and 7c only protect the source

from a shorted varistor. The circuits in Fig. 8-7b and 7c do not provide

comprehensive protection for the source. Therefore, one must use the circuit

of Fig. 8-7a when two or more critical and independent systems are to be

operated from the same source.

In some critical systems it may be intolerable to risk failure of the

system due to interruption of power by a blown fuse. In this situation, the

circuit of Fig. 8-7a can not be used. The circuit of Fig. 8-7b is often

recommended because it can not interrupt power to the critical load. The

circuit of Fig. 8-7b also has the advantage that it will jettison the varistor

if the varistor draws excessive current and threatens the power supply or

load. While many engineers have endorsed the circuit shown in Fig. 8-7b, it

4 .. Ihas some major shortcommings, many of which are not obvious.

First, the resistance of the fuse will increase the transient voltage

across the power line, and thus acts to partly defeat the purpose of the

varistor. This is not a trivial issue: a 1 A fuse has a resistance between

about 0.1 9 and 0.3 0 (depending on ambient temperature and current). At a

transient current of 1 kA, this resistance of the fuse contributes an extra

100 to 300 volts of overstress across the load.
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Second, the parasitic inductance of the fuse can Increase the transient

voltage across the power line. The standard glass fuse and a minimal length

of connecting wire has a length of about 5 cm. This gives an inductance of

the order of 50 nH. At a value of dI/dt of 2x10' A/s, the extra overstress

across the load due to the inductance of the fuse is about 100 volts.

Third, if the fuse blows during a transient when the current is rapidly

changing, the sudden interruption of the transient current can create a very

large voltage spike owing to the inductance in the wiring. This effect has

been observed by M. N. Smith (1973, pages 5,9). Smith commented that the

transient that was produced by the opening of the fuse was more severe than

the transient that was applied to test the protection circuit.

Fourth, once the fuse opens, the system is without transient protection.

During a thunderstorm or nuclear war the system might survive for only a few

tens of seconds before the next transient destroyed the unprotected system.

If reliability of the system is indeed paramount, as was asserted during

the rejection of Fig. 8-7a, one should ask "Do transients really threaten the

system?" If transients are a threat, then provide a varistor that Is more

than adequate to withstand the worse-case transient overst'ess and omit the

fuse. If transients are not a threat, then the varistor and the fuse are both
0

superfluous (but the varistor alone might be included "just in case").

If the circuit of Fig. 8-7b is to be used in spite of its shortcommings,

It would be prudent to include an lamp as shown in Fig. 8-7b to indicate that

. - . ~ . . - . . . "i "



Page 8-26

the varistor is still connected to the circuit and providing protection.

Because the lamp is on during a "good" condition and off during a "warning" or

"failure" condition, the lamp should have a green color, not a red or orange

color. Miniature fluorescent glow lamps are available in green; long-life

tungsten lamps (with a green lens) or green LEDs are also possibilities. A

disadvantage of this scheme is that a lamp that signals failure by turning off

does not naturally attract attention, and is therefore poor human factors

engineering. Further, in applications where the varistor is required to be

* installed in a remote location, "extra" cabling will need to be provided to

route current to the lamp, since the lamp must be located in an area where it

is readily observed. Replacement of the fuse in such a situation might be a

major maintenance task. (If the fuse were to be located in a convenient

place, far from the varistor, the inductance in the cable to the fuse would

K Lvitiate the transient protection offered by the varistor.)

The circuit of Fig. 8-7a, however, can use a neon lamp and a series

resistor (of the order of 47 kn, 1 W) to display a bright red light to signal

failure of the fuse. This lamp may be mounted far from the fuse without

- -compromising the operation of the circuit.

The circuit of Fig. 8-7c is a particularly bad one. This circuit has the

same undesirable features as Fig. 8-7b, since the fuse and TPD are connected

in the same way. The only difference between Figs. 8-7b and 8-7c is in the

way the indicator lamp is connected. In the circuit of Fig. 8-7c the

- Indicator lamp is lit when the fuse has opened and the TPD has shorted. This

would seem to be a good feature, since the lamp calls attention to the

defective protection circuit. However, suppose the transient overstress blows

L. o
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the fuse but does not short the TPD. Then the TPD will not be connected

across the line (the resistance and inductance of the tungsten lamp vitiates

the protection), but the lamp will not indicate this failure state.

Alternately, suppose the circuit operates "properly." A large overstress

shorts the TPD and blows the fuse. The light then comes on. However, the

next large transient will cause the lamp to become an open-circuit, since

there is no longer any transient protection in the circuit. If the crewman

did not notice (and remember) that the lamp was on briefly, the system would

remain without transient protection. This circuit has been developed for use

by the military (Reynolds, 1972). It would be prudent to avoid this circuit.

0
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ISOLATION DEVICES

INTRODUCTION

An isolation device is placed in series between the source and load, as

shown in Fig. 9-1. An isolation device has no conductive path between input

and output ports, this defines "isolation." It may seem queer to discuss an

electrical component that is used in a series circuit, yet has no conductive

path. Yet such devices can be quite useful to block common-mode voltages,

shown as vC in Fig. 9-1, from appearing across a load.

There are two common ways that the signal can be coupled from the input

to output port:

3i 1. magnetic field (device is called an "isolation transformer")

2. light beam (device is called an "optical isolator").

*- One can also use an acoustic transformer: the electrical input signal is

converted to sound waves with a piezoelectric transducer, the sound waves are

converted back to electrical signals with a microphone. This clever scheme

may be sensitive to ambient acoustical noise and will not be discussed

further. We shall discuss isolation transformers first, then optical

isolators.

ISOLATION TRANSFORMERS

In elementary theory, a transformer is a differential device. That is,

the output (secondary) voltage is only a function of the voltage difference

across the input (primary) terminals. In reality there is some capacitance

between the primary and secondary coils, so that the common-mode voltage at

*.* '."' . .
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the input is coupled to the output. By interposing one or more electrostatic

shields between the primary and secondary coils, the effective capacitance

between the input and output ports can be reduced to negligible values. When

we do this, we obtain an isolation transformer, as shown in Fig. 9-2. A good

, isolation transformer will have less than 0.005 pF capacitance between the

input and output terminals. If the load, which is connected to the output

terminals, has a 0.01 VF shunt capacitance, we have a common-mode attenuation

of 126 dB by simple voltage division.

Isolation transformers are most commonly used to block common-mode

voltages on the mains, an application that will be discussed later in Chapter

12 on AC power applications. Note that the ideal isolation transformer

provides NO differential-mode attenuation. Therefore, a differential-mode

Svoltage transient that appears at the input will be transmitted to the output

* side. Also note that an ideal isolation transformer provides no voltage

regulation. If the input voltage drops to 95 volts rms, so will the output

1 voltage. There are techniques to add differential-mode transient attenuation

,* and voltage regulation to an isolation transformer. When we do this, the

• * - resulting product is no longer Just an isolation transformer, but is now

called a "line conditioner." We shall describe line conditioners in the

chapter on AC power applications.

OPTOISOLATORS

An optoisolator is an electronic component that contains a light source

and a photodetector, with no electrical connection between the two. A light

beam transfers information from the input to the output. Electrical

I
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insulation between the light source and detector is provided by a piece of

transparent glass or plastic. This insulation can typically withstand several

thousand volts continuously.

The light source in nearly all modern optoisolators is an infared light

emitting diode (LED). The photodetector in modern optoisolators is usually a

silicon phototransistor, but silicon photodiodes and light-activated SCRs or

triacs are also available. One particular photodetector, the photo-Darlingon

deserves special mention in connection with transient protection and upset

prevention circuits. The photo-Darlington is quite slow: response times of

r- 0.1 ms to I ms are common. This inherent slowness provides immunity to

transients that have too brief a duration to affect the output state.

The capacitance between input and output ports of an optoisolator in a

six pin dual-inline-package (DIP) is typically between 0.3 pF and 2.5 pF.

-.- This capacitance and the shunt capacitance across the output port determines

the common-mode rejection of the optoisolator. While a input-output

capacitance on the order of I pF may seem small, at a 1 kV/us rate of change

of common-mode voltage, a current of 1 mA will be transfered from the input to

output due to this parasitic capacitance. Any attempt to intercept this

current with a guard ring will inevitably decrease the spacing between the

input and output circuit connections and thus reduce the isolation voltage.

When large rates of change of common-mode input voltage are anticipated, one

should avoid optoisolators with the base terminal of the phctotransistor

S-connected to a pin on the package, since the base terminal is sensitive to

2 . noise.

.................................
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When a sufficently large potential difference is present between two

adjacent conductors on a printed circuit board, a spark forms on the surface

of the board between the conductors. The heat from the spark can form a

blackened conductive path, called an "arc track." To prevent this degredation

of the insulation one can specify a large distance between conductors.

However, the dual-in-line package of common optoisolators has only 7.5 mm (0.3

inches) between input and output pins, so one can not conveniently increase

the spacing beyond this distance. One can mill a slot in the printed circuit

board, about 2 mm in width, between the input and output pins to obtain

greater isolation (Motorola Optoelectronics Device Databook, 1983, p.4-4).

A particular disadvantage of optolsolators is that they have a finite

lifetime. The brightness of the LED source decreases to about half of its

initial level during a time of the order of 105 hours (105 hours - 11 years).

The rate of degradation is greater at larger values of LED currents. This

phenomenon is not widely discussed in the literature. One of the few

references is a brief note by Lopez, Garcia, and Munoz (1977).

The LED in an optoisolator generally requires protection from being

driven into reverse breakdown. Fig. 9-3a shows a standard cicuit that

protects the LED from operation in reverse breakdown, since the 1N4447 diode

will conduct at about -0.6 volts across the LED. The reverse breakdown

voltage of the LED is typically between -5 and -20 volts, so the 1N4447

provides adequate protection.

The circuit in Fig. 9-3b provides comprehensive protection to the LED.

When VIN is positive, the avalanche diode protects the LED from operation with
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excessive current when the LED is forward-biased. The minimum value of R2 is

calculated from

2  (Vz - VD)/max(iD)

where Vz is the breakdown voltage of the avalanche diode, and VD is the

voltage drop across the LED when it is operating at its maximum rated curent,

max(iD). We could use the voltage drop at normal operating currents (e.g. 10

mA) for VD in order to obtain a safety margin. In the absence of other design

criteria, Vz should be about 6.8 volts since zener or avalanche diodes have a

minimum Incremental impedance, Av/Ai, at this value of Vz. When VIN is

negative, the avalanche diode is forward-biased and protects the LED in the

same way as the switching diode in Fig. 9-3a.

The value of R1 can be obtained from

R, + R2 - (VIN - VD)/iD

where VIN is the high level of the input source during normal (no overstress)

operation of the circuit and (VD,iD) is the voltage across the LED and the

current through the LED when the LED is on. We want R1 to be as large as

possible to protect the avalanche diode, so we use the minimum value of R2.

We remark that the value of R, can be much larger than the 20 Q to 50 Q that

is commonly included between a spark gap and avalanche diode.

Example

Given: max(iD) = 50 mA Vz = 6.8 volts

VD = 1.2 volts at iD = 10 mA

VIN = 5 volts

Solution: 2  110 -

R1 + R2 - 380 0

.. .. . . .
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Let R2 - 110 9, then R1  270 Q.

Notice that if the avalanche diode has a 5 watt steady-state rating, the

maximum current in the reverse-biased avalanche diode, 735 mA, occurs

when there is 205 volts across the spark gap. This is more than enough

a to fire a 90 or 150 volt spark gap, so this circuit is well-coordinated

and will withstand continuous overstress of either polarity.

The optoisolator requires a power supply for the output side of the

device. This is a serious disadvantage when the optoisolator is used as a

* transmitter, since it demands an independent power supply. An Independent

power supply is required since one dares not use the same power supply to

transmit signals into an environment that contains transients and to operate

vulnerable electronic devices, since the transient could be conducted directly

to the vulnerable devices by the power supply.

IAnother possible disadvantge to optolsolators is that they are inherently

uni-directional: information can only pass from the LED side to the

*photodetector side. Thus a pair of wires can not be used for bidirectional

communications when optoisolators are connected at the end of the cable. This

restriction could increase the number of wires (and the total mass) that are

required for communication, a serious disadvantage aboard aircraft and

* missiles.

Unlike the isolation transformer, the optoisolator has an inherent

ability to transfer continuous or DC signals. This is a particular advantage

with relatively slow logic communications (e.g. 300 baud), since a transformer

' L- ' -~~~~~~~~~~~.'..-i. .-. .... " ... i". ' .i.... ..-.- ' ........ ........ .-...... *
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would distort these signals owing to Inadequate low-frequency response.

Optoisolators are usually reserved for digital interfaces owing to

distortion of analog data with simple optoisolator circuits that have a

switching device at the output port. There are a few optoisolators that are

designed for linear operation in analog circuits. The General Electric HIlFi

optolsolator has a photosensitive JFET at the output port. The value of

Vng/ID (the output port resistance) is a linear function of the LED current.

The Motorola MOC5010 optoisolator has a linear amplifier output for converting

input current variations to output voltage variations.

0

.i.*-./ ."
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PARASITIC INDUCTANCE

IINTRODUCTION

When current passes through a conductor a magnetic field is created

U m(Ampere's Law). This implies that all conductors have self-inductance. When

the inductance is gratuitous (or not deliberately included), it is called

"parasitic inductance."

The amount of parasitic inductance is a critical issue when transients

are shunted to ground through non-linear components (e.g. spark gaps,

varistors, avalanche diodes, etc.). The voltage drop across the shunt path

consists of two terms: (1) the voltage due to the parasitic inductance, L

dI/dt, and (2) the voltage due to the current in the non-linear device. In

K Imany practical situations the voltage due to the parasitic inductance is

greater than the voltage due to the current in the non-linear device. In fact

the inclusion of the non-linear device in the circuit may be vitiated by

excessive parasitic inductance. Sherwood (1977) says a "gas discharge device

with 0.5 inch leads on either side has lost a large percentage of its

* effectiveness under fast lse time surge conditions."

We emphasize this point with an example. Suppose we have a 10 mm length

of 18 gauge copper wire (I mm in diameter). This short piece of wire will

- - have an inductance of about 5 nH at 10 MHz. When dl/dt is 1011 A/s, which is

S. typical of lightning return strokes, 500 volts will be developed along this

"short-circuit" by the parasitic inductance.

Clark (1975) used a 100 A pulse with a 5 ns rise time (dI/dt * 2-1010

"I : ' ''? [ " ' '' < I - '' J . i "- -- ? > '> : > ,", > ., .. - .i : - '. .
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A/s) to evaluate the effect or lead length on clamping voltage or avalanche
I-

diodes. He found the following values of voltage across an avalanche diode in

a DO-13 metal case due to parasitic inductance:

7.6 cm lead length 1100 volts

3.2 cm lead length 700 volts

DO-13 case with no leads 100 volts

The diode case with no leads appears to have about 5 nH of parasitic

inductance. Clark and Winters (1973, p.25, 50) gives a value of

"approximately" 10 nH for the parasitic inductance of a DO-13 case with no

leads.

Fisher (1978) discussed the effects of parasitic inductance in metal

oxide varistors. This work emphasizes the importance of keeping the leads as

short as possible.

Electronic circuit designers often work with currents of the order of 10

mA. Therefore, it is difficult for them to appreciate the large values of

dI/dt that exist in transients, such as 1011 A/s during a lightning return

stroke. In order to obtain a peak value of dI/dt equal to 1011 A/s from a

sinusoidal waveform with a 10 mA peak current, we require a frequency of

1.6x1012 Hz. (This frequency has a free-space wavelength of about 0.2 mm.)

Such a large frequency is way beyond the range of frequencies that are

familiar to circuit designers, so they will not experience such values of

dI/dt in their low-current work.

Obviously, one must minimize the length of conductors In shunt paths In
ora
order to minimize the parasitic inductance and maintain the good voltage

*b
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clamping properties of the non-linear device. What is not obvious is how to

do this. For example, a diode in a DO-35 package has about 3 nH of parasitic

inductance when its leads have zero length. In practice, we will have more

inductance than 3 nH because we need a finite lead length.

A particularly insidious practice is to mount components on a printed

circuit board. In order to avoid mechanical stress on the seal between the

component lead and case, one must leave about 2 mm of straight lead before

forming a bend. Each lead will have one right angle bend, so there will be a

total of two right angle bends for each component case in the shunt path.

T !These right angle bends are associated with increased parasitic inductance.

An even worse practice is to use components that have crimped leads to

maintain proper spacing between the printed circuit board and the component.

Crimped leads are commonly available for capacitors and varistors. The bends

* .. in each crimp, as well as the extra lead length, adds parasitic inductance.

While inductance is shunt elements is undesirable, inductance in series

elements is generally desirable. The only exception tc this rule would be

when the signal frequency is greater than the highest significant frequency in

the spectrum of the transient.

INDUCTANCE DOWNSTREAM

We can force the transient current to pass through a shunt element with

parasitic inductance by placing a greater Inductance downstream from the shunt

element. In Fig. 10-1, L, is the parasitic inductance in a shunt element,

°I
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which is shown as a bipolar avalanche diode, and L2 is the inductance that is

Ddeliberately inserted between the shunt element and the protected port. If

the protected load is not contiguous to the protect port, we must include the

series inductance of connecting wires in the value of L2. W.ile Lis

effective in forcing most of the transient to pass through the avalanche

diodes rather than through the protected load, RL, L2 also has an undesirable

effect. The ava anche diodes have a very small value of Av/Ai which clamps

the transient 'oltage. By interposing L2 between the diodes and the protected

load, the voltage across the load is not as tightly clamped.

The inductance L2 should not be a component. Rather, if it is used at

all, it should be a trace on the printed circuit board that is about 2 or 3

times the distance through the shunt path that contains L, and has more right

angle bends than the shunt path that contains L1 . In this way we are assured

by construction that the parasitic inductance L2 is greater than L1 . If the

luad to be protected is not within a few centimeters of the avalanche diode,

the parasitic inductance in a straight conductor between the diode and the

load will have sufficient inductance for L2 .

FOUR TERMINAL STRUCTURE

The parasitic inductance in a shunt path can be reduced to less than 1 nH

by using a four terminal construction that was patented by Clark (1982) for

avalanche diodes, see Fig. 10-2. Clark mounted the diodes on a strip of

material as shown in Fig. 10-2a. A small piece of bent metal was used to

connect the upper terminal of the diodes to the other strip, as shown in Fig.

10-2b. The four pins were then bent at a right angle to the plane of the

-,->,,..................., .-.................. -....... ;........_........................,,.
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diode and two strips, and the assembly was molded in a plastic package as

shown in Fig. 10-2c. The inductance that is naturally present in any

conductor has been relocated In series with the transient (and signal) path by

the four terminal construction, as shown in Fig. 10-3. The four terminal

structure is commonly known as a "zero-inductance" package, but this is

inappropriate. The inductance is still present, but it has been moved to a

location where it does no harm.

Four terminal construction is also used in electrolytic capacitors for

use at frequencies between about 10 kHz and 1 MHz (Bowling, 1979). These four

I- ~terminal electrolytic capacitors are used as in switching power supplies.

They may be useful in filters for a DC voltage regulator that is located a

long distance from the transformer/rectifier module. However, the parallel

combination of an ordinary two-terminal electrolytic capacitor and two ceramic

capacitors will give a smaller impedance over a wider range of frequencies

than one four-terminal aluminum electrolytic, and at less cost.

Parasitic inductance of capacitors

If one plots the magnitude of impedance of a capacitor as a function of

frequency, f, one obtains a plot such as shown In Fig. 10-4. When the

impedance is propqrtional to 1/f, the capacitor is behaving in the ideal way.

However, for all lumped element capacitors (the kind used in circuits below a

few hundred megahertz), there is a resonance frequency f0 due to internal

inductance of the capacitor. At frequencies greater than f., the impedance of

the capacitor is dominated by the inductance term, and the impedance is then

proportional to f. You can estimate the internal inductance of the capacitor

................ I ° ° . "•-","- o°*--•. •. -....-...- ...... ..............
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from knowledge of the resonance frequency and the capacitance value

L - 1/(W C) where w. 2 v fo

Clearly, a real capacitor is not useful as a capacitor at frequencies

that are much greater than f,. Typical values of f, for non-polar lumped

element capacitors are between 1 MHz and 100 MHz; typical values of parasitic

inductance are between 1 nH and 50 nH. Woody (1983) measured values of

parasitic inductance between 21 nH and 37 nH for 29 different capacitors.

Bypassing Power Supplies

Noise on power supply lines can cause unsatisfactory operation of the

system during normal conditions. The manner in which noise appears on power

supply lines, and how one removes It, are related to parasitic inductance.

Therefore it is appropriate to treat this subject here, as well as in the

chapter on DC power supplies. Noise is generated by varying currents in the

wires that are used to connect the power supply to the load. The load is

composed of the various amplifiers and other devices that require power from

the supply. The wires that connect the power supply to the load have a small

amount of resistance and inductance as shown in Fig. 10-5.

We will now analyze the effect of the inherent resistance, R, and

inherent inductance, L, in the power supply connections. We will discuss a

numerical example with values that are from a realistic situation. Suppose

that each wire that connects a power supply to amplifier A2 Is a 50 centimetre

length of copper wire with a diameter of 0.5 millimetre (known as 24-gauge'

wire). Then R will be 0.042 ohms. The inductance, L, is difficult to predict

S%
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but measurements show that it is of the order of 1 microhenry.

Suppose that the voltage source is sinusoidal:

• , Vin - 0.4 sin(2% 105t) volts

The output current of amplifier A2 is the output voltage, which has a 10 voltm

amplitude, divided by the parallel combination of 100 fl and 10 kQ, which is a

sinusoidal waveform with an amplitude of 101 mA. This output current must

come from the power supply lines. The total current drawn by amplifier A2

from the power supply is approximately the quiescent current plus the output

current. The quiescent current is the current in the power supply terminals

r when Vout =0 . Let us use 5 mA for the quiescent current. The total power

supply current for amplifier A2 is

5 mA + 101 mA sin (2v 105t)

g Similar analysis tells us that amplifier A, has a total power supply current

of

5 mA - 1.2 mA sin(2i 105t)

The total current at point X in Fig. 10-5 is about 10 mA + 100 mA sin(27

105 t). This current, I, causes a voltage drop between the +15 volt supply and

point X of IR + L(dI/dt). The IR term has a peak value of about 4.6

millivolt. The inductive voltage drop has a peak value of 63 millivolts, much

larger than the IR voltage drop. The peak of the IR and L(dI/dt) voltage

drops are not in phase, since dI/dt is a maximum (or a minimum) when I is

zero.

What is the value of the power supply noise at point Y, where tne power

supply is connected to amplifier A,? Point Y will see all of the noise that

we found above at point X, plus an additional amount due to the resistance,

............. . .. .. • .., - . .. . . . .' . . ' " ""_:',_,.'. ." -,'>,..



CCD

+ +

r-- -CD

I I * I

I I IAc

I .3I



Page 10-8

Rxy, and Inductance, Lxy, between points X and Y. If the wire between X and Y

is short, and the current to A, is small compared to the current to A2, we can

say that the noise on the power supply has approximately the same amplitude at

points X and Y. Then most of the noise at amplifier A1 (point Y in Fig. 10-5)

is due to current drawn by amplifier A2 . This is an important lesson.

Amplifier A2 can "talk" to amplifier A, via the power supply connections.

Voltage fluctuations at the power supply terminals of an amplifier will result

in some change in output voltage of that amplifier. Logic devices with edge-

triggered inputs (e.g. edge-triggered flip-flops) are quite sensitive to

f noise. Noise on power supply lines during normal operation of the system can

produce unsatisfactory operation of the system.

The standard cure for noise on the power supply lines is to use "bypassK
capacitors." Bypass capacitors are connected between each power supply

terminal and ground. These capacitors must be located near the load as shown

in Fig. 10-6. The function of bypass capacitors can be understood from either
I

of two perspectives.

1. The parasitic series inductance in the power supply lines increases the

output Impedance of the power supply at high frequencies. The bypass

capacitors provide a source of charge (or current) that has a much

smaller output impedance, owing to the shorter distance (and therefore

less parasitic inductance) between the capacitor and load.

2. We can think of an ideal DC power supply conductor as an incremental

ground (because its voltage does not change with time). The parasitic

inductance (and resistance) in the power supply wiring inserts an

impedance between the ideal DC voltge source and the power supply

,o~~..o................. O...,.......... .... ........
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terminals of the load. Using bypass cpacitors at the power supply

terminals of the load provides a low impedance path to ground, and

removes voltage fluctuations at that point. In this view, power supply

bypass capacitors have the same function as the capacitor across the

emitter or source resistor in the self-bias common-emitter or common-m

collector transistor amplifiers.

Because real capacitors have parasitic inductance and a resonance

frequency, it is standard practice to place several different kinds of

capacitors in parallel to form the bypass element. A typical selection would

be a tantalum electrolytic capacitor (1 F to 10 pF) in parallel with one or

more ceramic capacitors (0.01 UF to 0.1 VF). The exact value of the bypass

capacitance is not critical; it is often difficult to see the effect of a

factor of two change in capacitance. What is critical is that the bypass

capacitors maintain a suitably low impedance at all frequencies of interest.

Fig. 10-7 shows the magnitude of reactance vs. frequency for the parallel

combination of three capacitors with the following properties:

C L series resistance

* tantalum electrolytic 6.8 lip 5.8 nH 0.2 0

ceramic disc 0.1 UP 7.0 nH 0.2 Q

ceramic CK06 style 0.01 pF 2.8 nH 0.2 0

The 0.1 Up ceramic disk capacitor is not essential, but it does reduce the

impedance between 10 MHz and 20 MHz by about a factor of two. At frequencies

below about 30 kHz, the impedance of this capacitor network is not necessarily

small. However, the parasitic inductance of the power supply lines is usually

not a problem at these low frequencies.

* . * .. *
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TRANSIENT PROTECTION OF SIGNAL CIRCUITS

INTRODUCTION

*In this chapter we shall be concerned with applications of transient

protection to signal circuits. "Signal circuits" are defined here as those in

.-which the magnitude of the voltage is less than about 15 volts, and the

magnitude of the current is less than about 50 mA. The bandwidth of a signal

circuit may extend from DC to more than 1 MHz.

Line receivers have their inputs connected to a signal line and they

receive data from a distant source. Line drivers have their outputs connected

to a signal line and they transmit data to a distant receiver. Line receivers

and line drivers are examples of "interface modules." Most of the transient

i protection problems on signal lines arise during protection of interface

modules in a system, since the overstresses that are conducted on long cables

fro- the exterior of a system tend to be much more severe than internally

generated overstresses.

We shall first discuss some basic circuits that can be used on almost any

signal line, regardless of whether it is analog or digital. Then we shall

discuss some specific examples for analog circuits, followed by specific

examples for digital circuits. The discussion of digital circuits will

emphasize computer data lines.

SPARK GAP AND AVALANCHE DIODE CIRCUIT

'odle and Hays (1957) invented the basic circuit that combines a spark

,".................................-
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gap and avalanche diodes, as shown in Fig. 11-1, to provide comprehensive

protection from electrical overstresses. This circuit has been described by

many other authors, including Popp (1969), Greenwood (1971, p.318), Knox

. (1973), and Clark (1976), among others.

The load is protected by an avalanche diode absolute value clipping

circuit, DI and D2, which will be discussed in detail later. The resistor,

R1 , provides a large voltage across the spark gap when the current in the

avalanche diodes is large. If the voltage across the spark gap is

sufficiently large, the spark gap will conduct and shunt current away from the

avalanche diodes. The avalanche diodes protect the load; the spark gap and

resistor protect the avalanche diode

When the spark gap is conducting it acts in two ways to protect the

circuit. First, it dissipates some of the transient's energy as heat. Second,

its low impedance at the end of a transmission line causes some of the

transient to be reflected. The reflection phenomenon is useful for delaying

the dissipation of transients with large values of dI/dt. If we have 500

metres of line that has a short at each end, due to conducting spark gaps, the

round trip time delay is about 5 us. After multiple reflections, of course,

the transient's energy must be dissipated in the protection circuit and the

resistance of the line.

A spark gap will be non-conductive until the voltage across the gap

exceeds the DC firing potential. The spark gap then operates in the glow

region for currents between about 1 and 100 mA with about 80 to 100 volts

across the gap. As the current increases above 100 to 500 mA, the spark gap
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will operate in the arc region with 10 to 20 volts across the gap.

The DC firing voltage is not the only important specification in

transient protection, owing to the time delay between the application of a

transient voltage and the onset of appreciable conduction in the spark gap.

The value of the time delay is complicated to predict and is a function of the

rate of rise of the potential as well as the spark gap parameters. For

example, if 300 volts is applied with a rise time of less than 0.05 us to a

spark gap with a 150 volt DC firing voltage, the gap will typically remain

non-conducting for about 0.5 to 1.0 us, then operate in the glow region for

about 0.5 to 1.5 us, and then operate in the arc region. The point to be made
0

is that a spark gap can be (briefly) non-conducting with a potential across it

that is several times its DC firing potential. Furthermore, this high

potential can remain across the spark gap for durations on the order of a

microsecond. This is long enough to damage vulnerable electronic circuits if

other protective devices (e.g. avalanche diodes) are not used. The main

reason for including spark gaps in transient protection circuits is that they

excel at shunting currents of the order of 5 to 10 kiloamperes away from

vulnerable circuits.

It should be mentioned that if the spark gap conducts when the circuit is

connected across a continuous voltage source of at least 20 volts with the

ability to source at least 100 mA, serious damage could result, owing to~-

follow-current in the spark gap. Unless a fuse or circuit breaker interrupts

the process, either the spark gap, the printed circuit board, and/or the

connecting cable will be permanently damaged. If such situations are

anticipated, a current-limiting device must be included between the line and 1

° *
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the spark gap, as discussed in Chapter 8. Possible current-limiting devices

include a circuit breaker, a positive temperature coefficient (PTC) resistor,

a resistor with a large steady-state power rating, or a fuse. Also the DC

firing voltage of the spark gap should be increased to a value between 200 V

and 300 V.

The avalanche diode voltage rating is specified so that it will not

conduct during normal operation of the system. This implies that the

* avalanche diode should have a large breakdown voltage. However, there are two

reasons why the diode shoUld have the smallest possible breakdown voltage.

F First, small values of breakdown voltage allow the protection circuit to clamp

*i = at a lower level and thus provide less stress on the devices to be protected.

Second, avalanche diodes can be destroyed by large amounts of power or energy

I during overstresses. Diodes with smaller values of breakdown voltage can

tolerate larger surge currents, since power or energy are proportional to both

breakdown voltage and current.

The avalanche diode breakdown voltage will usually not be more than a few

volts greater than the supply voltage for the active circuit that transmits

the signals. In some situations the avalanche diode breakdown voltage can be

less than the supply voltage for the active circuit that transmits the signal.

The effects of tolerance should be considered when specifying the avalanche

S""diode breakdown voltage. There is often a very small cost increase (e.g $0.10

in a item with a cost of $1.5) associated with diodes with a 5% tolerance,

when compared to diodes with a 10% or 20% tolerance. In many situations the

smaller tolerance devices will be worth the extra cost, since the mean

clamping level can be smaller without interfering with the normal operation of

°I
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the system.

Transient suppression diodes are available in "bipolar" models, for which

D, and D are combined into a single package. This reduces the cost of

components and circuit assembly time. Moreover, the bipolar diodes permit a

shorter distance on the circuit board compared to two unipolar diodes that are

connected in series. This shorter distance will reduce the parasitic

inductance that is in series with the shunt path through the bipolar avalanche

diodes.

It is generally recommended that the avalanche diodes in Fig. 11-1 have a

steady-state power dissipation rating between 1 W and 5 W. However, if the

value of R, can be made sufficiently large, the avalanche diode could have a

smaller power rating, such as 0.5 W. The only advantage to using diodes with

small power ratings is a reduction in mass and volume of the circuit. Diodes

with a larger power rating, and particularly transient suppression diodes that

are designed for very large instanteous power ratings, offer increased

assurance that the protection circuit will survive.

The series resistor, R1 , limits the current through the avalanche

,4 diodes, DI and D2 , to a safe value. The resistor should be physically large

to prevent "flash-over". Suitable types include 2 watt carbon composition and

wirewound resistors with a steady-state power rating of at least 2 watts.

Metal film and carbon film resistors are not suitable for limiting large

current pulses.

The resistance value of resistor R, is calculated by the following

.7

.. . . . . .....
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conservative procedure and Eqn. 1.

F
(VG  Vz) Vz/ P R1  (1)

P Is the maximum steady-state avalanche diode power rating specified by the

manufacturer. Vz is the avalanche diode reverse breakdown voltage. VG is the

maximum value of the DC firing voltage of the spark gap. I recommend

increasing the value of Vz in Eqn. I by 20% from the nominal avalanche voltage

specified by the manufacturer. This compensates for the increase in magnitude

of the breakdown voltage at large currents (due to the incremental resistance

of the diode and the temperature coefficient) and for the 5% tolerances of the

. resistor and avalanche breakdown voltage.

g fDuring transients with rapid risetimes the spark gap will conduct at a

voltage than can be several times greater than VG. During the microseconds

S. that the spark gap is non-conducting, the current in the avalanche diode will

be greater than its steady-state maximum value. This will not damage the

avalanche diode because the overload time is so brief.

Using Eqn. 1 to determe the value of resistance R, is perhaps too

conservative. A constant voltage source of magnitude VG, which is typically

between 90 and 150 volts DC, is very uncommon in modern industrial

environments. Therefore it is unlikely that the transient protection circuit
6

would be connected for an indefinite time to such a large DC voltage. It is

however, conceivable that the circuit could accidentally be connected to a

sinusoidal voltage source (e.g. 120 volt rms line). We can make the

simplifying assumption that the avalanche diode has a constant voltage, Vz,

~~..:.......................... .. i. :.i . . [:[
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-across it when it is reverse biased and conducting. We also assume that VG Is

much greater than Vz so that each avalanche diode is reverse-biased and

. conducting during essentially half of the period of the sinusoidal voltage.

- We then obtain Eqn. 2 for the minimum value of R1.

R- ((VG/) - Vz ) (Vz/P) (2)

- If both avalanche diodes are in the same package, then VG io divided by r/2,

not w, in Eqn. 2.

The conventional method for calculating the value of R, uses a standard

model for the transient overstress. Huddleston and Bush (1975) advocated the

- following method. Let

VS maximum expected transient voltage (e.g. 10x000 us waveform)

i manufacturer's rated peak surge current of diode for same

waveform as used for VS

min(Vz ) = nominal avalanche diode breakdown voltage multiplied by worst-

case factor for tolerance (e.g. by 0.95 for a ±5 % tolerance

device)

. Then use Eqn. 3 to determine the minimum value of R1 .

min(R1 ) C [VS - min(Vz)]/ Is (3)

The value of min(R I) should be multiplied by a factor for tolerance to

obtain the nominal value, e.g. multiply by 1.05 to convert min(R1 ) to R1 for a

'" 5 $ tolerance resistor. The value of R, that is obtained with the methods of

Eqns. 1, 2 or 3 will probably be a non-standard value (e.g. 19 Q instead of 20

V *"2"'.-" '-' -' -, .'..' , -*. . - ". ", ". -" " ," " - - ' . -. , . -.-. .2. x "- . - ." ,.* . ,." , .. * , . .
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n), so it should be increased to the next larger standard stock value.

Resistor R1 forms a voltage divider with the load resistance. The value

of R1 should be as small to avoid excessive attenuation of the signal. On the

transmitting end of the interface, resistor R1 forms a low-pass filter with

the line capacitance between signal and common conductors. When this circuit

*+ is used on the transmitting end of a long cable and high speed communications

are required, the value of R1 should be as small as possible. On the other

hand, R1 should be large in order to limit the current in the avalanche

diodes. Clearly there must be a compromise for the value of R,.

Many transient protection circuits adopt a value between about 5 9 and 50

0 for R1 . Certainly, if a larger value of R, is tolerable in a particular

application, it should be used because increasing the value of R, increases

the amount of transient protection in an economical way.

There are two particular ways out of the dilemma posed by requirements

for both a large value of R, and a small value of R1 . One way is to use

inductance to increase the series impedance between the spark gap and

avalanche diodes. The other method is to use a positive temperature

coefficient resistor.

Inductance can be inserted by using a wirewound resistor for R1 , and/or

by placing ferrite bead(s) on the resistor leads. Typical values of

inductance In this circuit are between 1 UH and 10 UH. Using ferrite beads is

a particularly good idea if the highest frequency component in the signal has

a frequency less than about 100 kHz. At higher frequencies, ferrite beads

.

. + - .. . . • . . . ,. . . . . ... .
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become quite lossy and will provide significant attentuation of transients.

Series inductance will distort a signal that has high frequency components,

and inductance should be avoided in this situation.

Using inductance to increase the series impedance has the disadvantage of

offering no protection from sustained overvoltages. However, positive

temperature coefficient (PTC) devices, which were described in Chapter 8, do

offer substantial protection from overvoltages which have durations of 0.1

second or longer.

Because the transients can have high voltages, the circuit designer

should take precautions to avoid an arc path that could shunt resistor R1 . To

intercept flash-over, should it occur, a wide ground band should be etched nn

both sides of the printed circuit board underneath resistor R1 .

The typical power line ground does not have minimal inductance due to its

relatively long path and bends in conduit or cable. It would preferable to

connect a separate conductor directly to a good local ground (e.g. copper -

water pipe) for any installation where peak currents greater than about 10

amperes were anticipated. Such a ground conductor should be flat copper braid

with a width of at least 5 mm and connected directly to the common terminals

of all of the spark gaps. For situations in which peak transient currents of

less than about 10 amperes are anticipated, one can use the ground conductor

in the signal cable.

DIODE CLAMPS TO POWER SUPPLY
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The other basic transient protection circuit is to use diodes to clamp

the signal line to the DC power supply line, as shown in Fig. 11-2. The

device to be protected in Fig. 11-2 is U1, which might be an amplifier, logic

device, or other integrated circuit. The two DC power supplies for the U1 are

VCC and VEE. Each of these two supplies has a typical magnitude of 15 volts.

Diode DI prevents the input terminal of U1 from having a potential greater

than VCC + 0.7 volts. Similarly, diode D2 prevents the input terminal of U1

from having a potential less than -(VEE + 0.7 volts). Since most integrated

circuits can continually withstand any potential at the input terminal that is

between VCC and -VEE, this circuit provides good protection for the input

v- terminal of U1 . The circuit of Fig. 11-2 must not be used if the input

terminal can not withstand application of the power supply voltages.

It is common to use core-switching diodes, which were discussed in

Chapter 6, for D1 and D2. These diodes are normally reverse-biased in the

circuit of Fig. 11-2, and their leakage current, which is typically less than

a picoampere, would not be expected to cause problems with U1 in most

applications. The shunt capacitance of D1 and D2 could couple noise from the

power supply to the input of U1 . However, the capacitance of core-switching

diodes is only a few picofarads. If the input impedance of U1 is much smaller

than the impedance of the diode's capacitance, the voltage divider that is

*formed by these two impedances will substantially attenuate the noise injected

from the power supply. Power supply bypassing is necessary for other reasons
S

and this bypassing will attenuate noise on the power supply lines.

We mention that the small parasitic shunt capacitance of this protection

method makes it suitable for protecting high-frequency circuits. Of the

* ,° .. - , .. % - °. . . . . , . . .. . . . ** * * * *.
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available transient protection components, only spark gaps and core-switching

diodes have a parasitic capacitance of the order of picofarads. All other

components have a larger capacitance.

The circuit in Fig. 11-2 has a serious problem. The overstress that

threatened the input of U1 was shunted to one of the power supply lines. It

is possible that the overstress could damage U1 or other devices that are

connected to these DC power supply lines by injecting the overstress into the

power supply terminals. If the overstress has a very small charge transport,

e.g. less than 0.1 pC, then it can be shunted to ground through bypass

capacitors without causing any distress, provided that the bypass capacitors

are located near U1. However, overstresses with a charge transport of

substantially more than 0.1 UC should not be diverted with the circuit of Fig.

" 11-2. The value 0.1 VC comes from an arbitrary decision to limit power supply

transients to less than 0.1 volts and use a I VF bypass capacitance. We

emphasize that the circuit in Fig. 11-2 offers excellent protection of the

input terminals from electrostatic discharge, a transient with a small charge

* transfer.

The value of the resistor R in Fig. 11-2 limits the current in diodes DI

and D2 . It would be desirable to make the value of R no larger than 1 % of

the input impedance of U1 , so as to avoid attenuation of the input signal.

Core-switching diodes can tolerate transient currents of the order of 4 A for

- 1 ps, which is a 4 UC charge transfer. Because of concern about injecting

noise on the power supply lines, we restricted the circuit in Fig. 11-2 to

situations in which the charge transfer was less than 0.1 VC. The core-

switching diodes are robust enough to survive these small transients without a

I e
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series resistance.

The general circuit concept of Fig. 11-2 is used to protect complementary

metal oxide semiconductor (CMOS) logic integrated circuits. The input circuit

of a basic CMOS cell is shown in Fig. 11-3, along with the transient

protection circuit. What is particularly interesting in Fig. 11-3 Is that the

transient protection circuit is fabricated as part of the integrated circuit.

The circuit has been described by Cergel (1974) and Pujol (1977). The

resistor, R, has a value between 100 n and 2500 n, depending on manufacturer

and the particular model of CMOS. Diode D2 is distributed along the length of

the series resistor R. The reverse breakdown voltage of the protection diodes

is greater than the maximum value of (VDD - VSS), so the diodes will not

operate in reverse-breakdown during sustained transients. The maximum steady-

state input terminal current in a CMOS integrated circuit is 10 mA.

If the CMOS circuit is to be connected to a voltage source that has a

level greater than VDD or less than -VSS, an external series resistor should

be connected to the input terminal to reduce the current in the protection

diodes to a safe level. If the external resistor has a value of 1 MQ, the

CMOS device can be connected to a source of 1 kV without stressing the

protection diodes. The external resistance and input capacitance form a low-

pass filter. The typical CMOS input capacitance is about 5 pF. With a 1 Ma

external resistance, we obtain a 5 uis time-constant or a 32 kHz bandwidth.

This is much slower than the time constant of a few nanoseconds that is

produced by the internal resistor R and the input capacitance. Unfortunately,

nearly all robust transient protection circuits reduce the signal bandwidth.

.S.
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BALANCED LINE APPLICATIONS

Many long signal lines are balanced in order to reject noise, which often

appears as a common-mode signal. These balanced signal lines require special

consideration for transient protection. A basic spark gap and avalanche diode

circuit for a balanced transmission line is shown in Fig. 11-4.

The spark gap must be a three electrode model, which was described in

Chapter 3. Use of a pair of two electrode spark gaps can pass a large

differential-mode voltage downstream if one, but not the other, of the two

electrode gaps conducts.

The same value of R and L must be present in each side of the circuit in

order to preserve the balanced configuration. The value of R can be

determined in the same way as for the non-balanced circuit, which was J

presented in Fig. 11-1, by considering one-half of the balanced circuit and

ignoring D5 and D6. In Eqns. 1 through 3 above, VZ becomes the voltage for

the series combination of D, and D2; VG is the DC firing voltage from either

line to ground.

The inclusion of inductance L is particularly desirable In the balanced

circuit. All of the commercially available three electrode spark gaps have DC

firing voltages of at least 300 volts, because they are most commonly used for

protecting telephone lines. This DC firing voltage is considerably larger

than the 90 or 150 volt models that are commonly used on non-balanced signal

lines. By placing series inductance between the 300 V DC spark gap and the

avalanche diodes, we help create a large voltage across the spark gap during

-" .. . . . . . .
*. . . . . . . ... .
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L

the initial part of a transient without increasing the series impedance during

normal operation to an unacceptably large value. If the signal bandwidth

extends to relatively high frequencies, the pair of inductors should be a

. bifilar choke, which was described in Chapter 8. A bifilar choke inserts a

series inductance for common-mode signals, but has a negligibly small

inductance for differential-mode signals.

Avalanche diodes D, and D2 clamp the upper signal conductor in Fig. 11-4

to a potential between ±VZ of ground. Diodes D3 and D4 clamp the lower signal

conductor to a potential between ±Vz of ground. If diodes D5 and D6 are

absent, the maximum differential-mode output voltage could be as large as

twice Vz. This situation occurs, for example, when the upper signal conductor

is at a potential +VZ from ground and the lower conductor is at a potential -

Vz from ground. Inclusion of diodes D and D6 can limit the maximum

differential-mode output voltage. In most cases, diodes DI, D2 , D3 , D4, D5,

and D6 will have identical specifications, including breakdown voltage, Vz .

During normal operation of a balanced line the upper signal conductor

will be a potential of Vd/ 2 with respect to ground and the lower signal

conductor will be at a potential of -Vd/2 with respect to ground. The value

of Vd may be either positive or negative. In this way there is no common-mode

voltage present during normal operation. This requires that the line drivers

for a balanced line have two power supplies, one positive and one negative.

The RS-422 specification for computer data exchange on a balanced line

does not require a zero common-mode voltage (although it is acceptable to use

one). Most integrated circuit line drivers that conform to RS-422

S ." " " --- . .-J " ' ' -.-; " - ' - -; ., . , - . . . "" -", ". ". ' -• -. . . . . . . . ..
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specifications use only a single supply, which is usually +5 volts. The

voltage between one signal conductor and ground is typically either 0.2 or 3

volts, depending on whether the line is at the low or high state. This

implies that there will be a DC common-mode signal of 1.6 volts, which is

about 60 % of the differential-mode signal. This use of a single power supply
U.

decreases the cost of the line driver system, since including a negative power

supply would substantially increase the cost owing to an extra secondary

winding on the power transformer, extra filter capacitor, and an extra voltage

regulator. The presence of a DC common-mode signal does not preclude the use

of a bifilar choke.

t
Smithson (1977) developed a protection circuit for a balanced computer

data line that is shown In Fig. 11-5. His circuit is interesting because he

used three stages of protection: spark gaps, metal oxide varistors, and zener

diodes. The use of varistors is significant. The varistors decreases the

stress on the diodes when the transient does not cause the spark gap to

conduct, in fact all transients with a peak of less than 300 volts will not

fire the spark gap. Moreover, the varistor also decreases the stress on the

diodes during the initial portion of transients before the spark gap fires.

*It is interesting to estimate the varistor current and voltage when the

voltage across the spark gap is Just equal to its 300 V DC firing voltage.

• .This condition occurs when there is about 30 A in the varistor and about 53

volts across the varistor. (This information is from the "maximum clamping

voltage" graphs in 1978 edition of the General Electric company varistor data

sheets.) When 30 A passes through the 8 9 resistor between the spark gap and

varistor, 240 volts will be dropped across the resistor. The sum of these two

p-
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voltage drops is 293 volts, essentially the DC firing voltage of the spark

gap. That about 80% of the voltage across the spark gap comes from the drop

-across the resistor emphasizes the importance of placing a series impedance

between shunt non-linear devices. Without the series resistor, the spark gap

would probably never conduct.

If we continue this example, we find a current of about 1.8 A in the

zener diodes when there is 293 volts across the spark gap. This corresponds

to a worst-case power dissipation of about 8.5 watts in the reverse-biased

zener. There is reasonable coordination between the varistor and zener

diodes.

The 1N3825 zener diodes chosen by Smithson have a shunt capacitance of

about 2 nF. This is in addition to the 8.5 nF shunt capacitance of each

varistor. These large shunt capacitances will degrade the rise time of

S- .  digital signals and reduce the system bandwidth. The output of such a

transient protection circuit on a digital signal line should be connected to

an interface circuit with a Schmitt-trigger input to restore the proper logic

waveform.

Smithson (1977) placed the zener diodes on the same circuit board that

contained the load to be protected. This prevented ground impedance from

impairing the clamping voltage. The other protection components were located

at the point of entry for the cable into the building.

ANALOG APPLICATIONS

S'
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Integrated circuit operational amplifiers are an inexpensive, versatile

analog "building block" which can be used to solve most analog signal

conditioning problems for which the highest frequency of interest is less than

about 1 MHz, Operational amplifiers are commonly found connected to analog

Inputs and analog outputs. Protection of these inputs and outputs condenses

to the problem of protecting the operational amplifiers. We will consider how

to protect inverting and non-inverting voltage amplifier inputs. Then we will

discuss how to protect the output port.

INVERTING VOLTAGE AMPLIFIER

When the operational amplifier is used as an inverting voltage amplifier,

electrical overstress protection for the input terminals is provided by the

circuit shown in Fig. 11-6. The voltage gain of this circuit is -Rf/Rin. The

values of Rf and Rin are usually between I kQ and T M9, although Rf is

sometimes larger than I MQ.

The two diodes, D, and D2 , in Fig. 11-6 prevent the magnitude of the

differential-mode input voltage from exceeding about 0.7 volts. Since the

non-inverting input is directly connected to ground, these diodes also limit

the common-mode input voltage. All commercially available operational

amplifiers that do not have Internal diode clamping can easily withstand t 0.7

volts across the two input terminals. In fact, most modern integrated circuit

operational amplifiers input terminals can be continuously connected to any

potential between the power supply voltages (which are typically +15 volts and

-15 volts) without damage to the operational amplifier.

..
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During normal operation of the operational amplifier there is no more

than a few millivolts potential difference across DI and D2, so the diodes

will be non-conducting and effects of the diode's capacitance will be

negligible. There is no hazard to DI and D2 from operation in the reverse

breakdown region since one of these diodes is always forward-biased and will

protect the other diode from operation at a large reverse-bias potential

difference.

Switching diodes (e.g. 1N4447, IN4148 types) are commonly used for D, and

D2 because these diodes have fast response and are inexpensive. These diodes

can tolerate steady-state currents of 500 mA without damage. This current

corresponds to an input voltage of 500 volts if Rin is 1 kO, and an even

larger input voltage if Rin is greater. If the spark gap shown in Fig. 11-6

has a DC firing voltage between 90 and 250 volts, the spark gap and resistor

Rin will protect diodes D, and D2 from excessive currents.

The weakest link in the circuit of Fig. 11-6 may be resistor Rin. It

should be rated to withstand large transient voltages across it without

degredation. (It is unacceptable to allow Rin to degrade since its value

determines the voltage gain of the amplifier.) A 1 watt or 2 watt carbon

composiition resistor is generally suitable, so is a 3 or 5 watt wirewound

resistor. Metal film or carbon film resistors should be avoided for R If

continuous overstresses are anticipated, a PTC device should be inserted in

series with an ordinary resistor for Rin. The PTC device will protect the

ordinary resistor from damage from excessive power dissipation.

If the operational amplifier has a JFET, MOSFET, or other input stage
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*= with input terminal currents of the order of a picoampere or less, then

. "- -standard switching diodes (e.g. 1N4447 type) are inappropriate for D1 and D2

if the very large input impedance of the amplifier is to be maintained. In

* "this situation one should use special low-leakage diodes for D1 and D2. Such

a diodes can be fabricated from the gate to channel junction of a n-channel

JFET. If the larger forward conduction voltage is tolerable, one could use a

* pair of GaAs green LEDs for D1 and D2. To maintain the low-leakage

conditions, the inverting input terminal should be connected to a PTFE

* (Teflon, registered trademark of DuPont) insulated standoff. Low-leakage

diodes have maximum steady-state currents between 10 mA and about 100 mA. If

steady-state overload conditions are anticipated, the value of Rin should be

more than I kQ and the spark gap should have a DC conduction voltage of 75 to

90 volts.

NON-INVERTING VOLTAGE AMPLIFIER

* ISometimes one needs to protect a non-inverting voltage amplifier, Fig.

11-7a. Resistors RI and R2 determine the voltage gain; typical values are:

10 l S R1  1 1 kQ

- 1 k S R2  S 10 kQ

* Since this circuit can not have a voltage gain less than one, the worst-case

maximum useful input voltage is equal to the maximum output voltage of the

*operational amplifier. This is typically about 12 volts if ±15 volt power

supplies are used. If the voltage gain is greater than one or if the power

supplies are less than ±15 volts, the maximum useful input voltage is less

* Ithan 12 volts. For example, if the gain is 10, then the maximum useful input

voltage Is only about 1.2 volts If ±15 volt power supplies are used and only

I
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about 0.4 volts if ±5 volt power supplies are used.

A recommended protection circuit is shown In Fig. 11-7b. Diodes D3 and

D4 are avalanche (or zener) diodes that are connected to form an absolute
MR

value clamp circuit. D3 and D4 conduct when the absolute value of the voltage

across them exceeds Vz + 0.6 volts. This conduction voltage, Vz + 0.6 volts,

should be slightly greater than the maximum useful input voltage so that D3

* ~ nt 4 do not interfere with the normal operation of the circuit. 3fan

D4 were to conduct during normal operation, they would act as a voltage

divider with resistor R.. Moreover, operation of avalanche diodes at small

currents (between about I UA and 1 mA) can cause the reverse-biased diode to

become a broadband noise source.

However, values of Vz greater than 12 volts are not recommended. It is

desirable to keep the voltage at the non-inverting input terminal of the

operational amplifier less than the positive power supply voltage. When ±15

volt supplies are used, this means the non-inverting input terminal should be

kept at less than 15 volts from ground. There are several terms that can

cause the clamping voltage to increase from the nominal value:

& e V due to large current in reverse-biased diode >2 volts

effect of 5% tolerance on 12 volt diode 0.6 volts

forward biased diode in D3 ,D4 pair 0.7 volts

parasitic inductance in the diode path ?

The values of 6V due to large currents, and the forward biased voltage drop,

were discussed in detail in Chapter 5. Because of these terms, one can not,

use diodes with Vz - 15 volts to clamp the input at 15 volts. There must be an

interval of a few volts between Vz and the maximum clamping voltage.

, * , . *

,o .*
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When the maximum useful signal is between I and 6 volts, one may wish to

specify Vz - 6.8 volts for D3, D4 . Diodes with values of Vz less than about 6

volts use the Zener mechanism rather than the avalanche mechanism, and have

much larger values of AV at large currents than avalanche diodes.

Diodes DI and D2 prevent large differential-mode input voltages. Such

voltages can arise if a rapidly changing signal or transient waveform is

applied to the non-inverting input terminal so that the output voltage of the

operational amplifier is slew-rate limited. These two diodes have no other

function in this circuit.

The resistor Rs is included to limit the current to diodes D and D4 (and

also D, and D2 if R1 is small). The input resistance presented by the

operational amplifier circuit, rin, is approximately

rin * A0 ri R2/(R1 + R2 )

where Ao is the open-loop voltage gain of the operational amplifier itself, ri

is the incremental resistance between the inverting and non-inverting input

terminals. The value of Ao Is typically at least 105 , ri is typically at

least 1 Ma, and R2/(RI + R2) is usually between I and 10
3 . This makes the

input resistance of this circuit at least 108 Q. Therefore, the value of R

has negligible effect on the voltage gain for low-frequency signals when R is

a few kilohms. However, significant attentuation of high-frequency signals

can occur owing to the low-pass filter that is composed of Rs and the

parasitic capacitance of avalanche (or zener) diodes D3 and D4 . The time

constant of this filter is usually of the order of a few microseconds since R

Is

~~~~~~..'? . ..... ,..?-'- . ... . ..' -. .. . . . ...... . .. ... .. ... .
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1 ka and C - 3 nF. This may not be a serious limitation since common,

inexpensive operational amplifiers (e.g. 741 and 307 types) also act as a low-

pass filter with a time constant of 1 us due to the gain-bandwidth product of

the amplifier.

To reduce the value of the RC time constant formed by the protective

circuit, one could use a PTC device in series with (or in place of) an

ordinary resistance. During normal operation, the value of R could be as

small as 22 Q. The capacitance of the clamping circuit (D3 , D4 in Fig. 11-7b)

* could be reduced by using a series string of switching diodes in place of the

avalanche diodes, as described in Chapter 6, or in series with the avalanche

diodes, as described in Chapter 5.

PROTECTION OF OUTPUT

Destructive overvoltages can also reach the operational amplifier through

the output port. The circuit shown in Fig. 11-8 is suggested for protection

K - of the operational amplifier from overstresses on an output cable. Diodes D5

and D6 can be avalanche diodes with Vz - 12 volts when the operational

amplifier is operated from ± 15 volt supplies. When smaller supply voltages

are used, the value of Vz should be chosen to be near the maximum output

voltage of the operational amplifier. Notice that no resistance is included

between the operational amplifier output terminal and D5 ,D6. If these diodes

conduct when the magnitude of the output voltage Is large, we rely on internal

output current limiting in the operational amplifier (which Is also called

"hort-circuit protection") to protect the operational amplifier, as well as

diodes D5 and D6. If the maximum output current from the operational

" " '- -, --- -ta... *,*, 9L- %, ' * -" .'. ' ' .'.. •" -'" **'.*.*".." .' . • .'", ." . "- . .. .*.
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amplifier could harm D5 , D6 , or if there is no output current limit Inside the

operational amplifier, then a PTC device should be included between the

operational amplifier output and D5.
b5"

The resistor R limits the current in D5 and D6 from overstresses that

appear on the output cable. Because the output current from the operational

amplifier must also pass through R., we can not automatically specify a large

resistance (e.g. I kQ) at this point in the circuit. The maximum output

current of a typical integrated circuit operational amplifier is about 15 mA.

If the maximum acceptable voltage drop across R. during normal operation is 1r
volt, R. must be less than 68 Q. A PTC device is desirable, instead of an

m 'ordinary resistance, for R. If an ordinary resistance is used for R., a

value of 330 Q is suggested in order to protect the avalanche diodes. If

large transients are anticipated and R. is an ordinary resistance, then a 2

S.watt carbon composition or a 3 to 5 watt wirewound unit is recommended.

* "Notice in Fig. 11-8 that the feedback point is not taken at the output

terminal of the operational amplifier. The circuit shown in Fig. 11-8 has a

. small output impedance, when viewed from the cable, despite the large value of

Rs . This surprising result is produced by the negative feedback and the

* choice of the feedback point shown in Fig. 11-8.

Because it is possible for overvoltage on the output cable to reach the

inverting input terminal through resistor R, the input must also be

protected. Comprehensive input protection Is furnished by switching diodes D

and D2 when Rf is at least 1 kQ. Typical values of Rf in this circuit would

- be of the order of 10 kO, since smaller values of Rf divert output current

-- ~~~.. . . . . .. . . ..... & 8ti ,m ." . .. . .".. . . .""" .' ." " * --. " ."* .. *".•."* -. '
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away from the output cable to the input circuit.

LOGIC APPLICATIONS

Protection of input and output terminals of integrated circuit logic

devices is particularly challenging. Faster logic devices are more vulnerable

to damage from electrical overstresses, for reasons specified in Chapter 1.

Yet circuit designers, for good reasons, have gone away from the slow, robust

DTL and ordinary TTL logic families, and tended to use various versions of

low-power Schottky TTL which are much more vulnerable to damage.

Logic circuits commonly use a single +5 volt power supply, although some

CMOS circuits can operate with power supply voltages as small as +3 volts. It

is difficult to obtain protection devices that will clamp a line at 3 to 5

volts during a transient. The best device in common usage is an avalanche

diode with a value of Vz - 6.8 volts. True zener diodes have a relatively

large value of AV/AI and do not offer tight clamping.

OPTOISOLATOR FOR PROTECTION OF DIGITAL DATA LINES

The circuits described above can be used to protect either line drivers

or line receivers, since there is nothing in the protection circuit to

restrict the flow of information to a single direction. This situation

changes when optoisolators are used. The information flow must pass from the

LED side to the photodetector side. This introduces the complication that

separate circuits must be designed for receivers and transmitters. In

addition, the photodetector output usually requires an active circuit to

- ~~~~~..... .. •................" , " '''-. ,-, .-. ,"jJ. -.. ,.. ... ..
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condition the signal. The protection circuit for the transmitter is
,'

-- particularly complicated, as we will see. In the following examples, circuits

that contains an optoisolator will be described for receiving and sending

computer data according to the RS-232 interface specifications.

The RS-232 data communications standard was never intended for use on

cables with a length greater than about 15 metres (50 feet). The RS-232

system is "single-ended," that is, there is one common conductor for all of

the bidirectional signal conductors. This presents a problem when the two

ends of the cable are in different buildings, where there may be a difference

of potential between "ground" at the two buildings. The major symptom of this

ground loop is a quasi-sinusoidal 60 Hz waveform superimposed on the digital

data transmission. Such a problem has been avoided in the newer RS-423 data

communication standard by requiring receivers with differential inputs and

having a separate common conductor for signals that propagate each way. The

RS-422 data communication standard takes an even more aggressive approach by

5 using a balanced pair of wires for every digital signal, so that there is no

common conductor, and also requires receivers with differential inputs.

However, advantages of these newer standards are not readily available to

users of computer terminals and peripherals, since continued use of RS-232

makes it easy to interface older equipment to newer equipment. By

. incorporating isolation into the active protection circuit, we can interrupt

the ground loop that is inherent in RS-232 communication circuits.

ACTIVE CIRCUIT FOR RECEIVED DATA

Fig. 11-9 shows a schematic of an improved transient isolation circuit

I: :- ",' .-- -- -'-,f :',. ." ,-'- '-."..". ' ' .' -- . , .. ,- ----- , - . ., .,,-.< ./,,., ,.-
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that, in addition to the features of the circuit shown in Fig. 11-1, also

. . provides protection against common-mode transients. Values of components are

given in Table 11-I. The common-mode protection is provided by two optical

isolators (D3 and QI; D4 and Q2 ) that combine light emitting diodes (LEDs) and

phototransistors in the same package. This optoisolator should be rated by

the manufacturer to withstand at least 3000 volts between the LED and the

phototransistor, be relatively fast, and have a large phototransistor gain.

The part of the circuit in Fig. 11-9 that is composed of a spark gap,

resistors RI and R2 , and avalanche diodes DI and D2 , is similar to that in

Fig. 11-1. The series combination of resistors R, and R2 provides 3000 ohms

impedance, the minimum allowed by RS-232C and limits the current in the LEDs.

The maximum current in the LEDs will be no more than about 4.7 mA since the

IK infrared LED has a drop of about I volt and the maximum input signal 15 volts.

The minimum non-zero LED current, 1.3 mA, occurs when the voltage on the RS232

line is 5 volts, the minimum specified magnitude. The minimum current

P !generates sufficient light in the LED to cause the phototransistor to conduct.

The light emitting diodes are connected back to back (anti-parallel) so that

one LED is always forward-biased. The forward voltage drop (about 1 volt) of

one LED prevents the other LED from being operated in the reverse breakdown

region (more than 3 volts). Because the RS232 signal is bipolar, two

optoisolators are required: one for each polarity.V

The maximum magnitude of an RS232 signal is 15 volts when the output is

terminated with a resistance between 3000 and 7000 ohms. The largest signal

voltage that will appear across avalanche diodes DI and D2 is 5.7 volts

(notice that Ri and R2 form a voltage divider and recall that the LED has a 1

7..... 
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volt forward drop). The value of R, in Fig. 11-9 can be larger than the value

of R in Fig. 11-1 because the Fig. 11-9 circuit terminates a RS232 line.

Therefore there is no particular need for avalanche diodes DI and D2 in Fig.

11-9 to have large power ratings; I watt models are sufficient. One

manufacturer rates its one watt steady-state 1N4736 avalanche diodes at 60

watts for a 15 us non-repetitive rectangular pulse (Motorola Zener Diode

Manual, 1980, page 11-56). This Is adequate overload capability, since 2 watt

dissipation in the avalanche diode will produce more than 550 volts across the

spark gap (which is assumed to be non-conducting initially) when R1 - 2000

ohms. The spark gap will quickly conduct and the power dissipated in the

*avalanche diodes will then be much less than their maximum steady-state value.

During a transient, avalanche diodes DI and D2 will limit the magnitude of the

voltage to about 10 volts. Resistor R2 will then limit the current in the

forward biased LED to about 10 mA, well below the 90 mA which is the maximum

continuous current specified by the manufacturer.

The output of the optoisolators are recombined with an operational

amplifier. When either of the phototransistors is on, the operational

amplifier is in a non-linear mode and the inverting input is not a virtual

ground. Larger values of R3 and R4 than those given in Table 11-I increase

the switching times of phototransistors Q, and Q2 " The operational amplifier,

A,, should be moderately fast (between 6 and 30 V/s slew rate to satisfy

sections 1.3, 2.3, and 2.7 of RS232). Diodes D5 and D6 protect the operational
05

amplifier input stage from large input voltages and allow the phototransistor

collector current to flow to ground. If the optoisolator should fail, these

diodes should protect the operational amplifier (and the load).

4b . . . ... .
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The operational amplifier has Internal protection against output short-

circuits to any voltage between the +15, -15 volt supplies, including ground.

The operational amplifier alone provides a power-off source impedance of much

more than the 300 ohms that is specified in section 2.5 of RS-232C.

U

Bypass capacitors C1 , C2 , C3, and C4 are included to reduce the effect of

inductance in the power supply lines.

ACTIVE CIRCUIT FOR TRANSMITTED DATA

A circuit that provides isolation and overvoltage protection for a line

driver that transmits data over a long cable is shown in Fig. 11-10. Values

of the components shown in Fig. 11-10 are listed in Table 11-II.

. Protection against common-mode transients is provided by two optical

isolators (D9 and Q3 ; DI0 and Q5 ). Transistors Q4 and Q6 are NPN power

- U transistors that are more robust than output transistors in integrated

circuits or in optoisolators.

& Resistor R18 and optoisolator LEDs, D9 and D10 , form the entire receiving

circuit which is completely isolated from local ground and the long line. The

value of R18 is 3000 ohms, the minimum allowed for a RS232 compatible

L 0 receiver. This choice of R18 maximizes the LED current, which is desirable

because we want to drive either Q or Q5 into saturation.

NORMAL OPERATION OF TRANSMITTER

,.
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Before we analyze the behavior of the circuit under stress, let us

consider the normal operation. Under normal conditions the transient

protection devices are non-conducting and the circuit shown in Fig. 11-10 can

be simplified to Fig. 11-11.

Suppose the data line is positive so D9 , Q3, and Q4 are all on and D10 ,

Q5, and Q6 are all off. We shall consider only the positive half of the

circuit (upper half of Fig. 11-11) since the circuit is symmetrical.

The optoisolator characteristics and value of R1 6 should be chosen so

that Q3 supplies at least 1 mA current to D15 and the base of Q4 when the

input voltage across R18 and D9 is only 5 volts, the minimum RS232 level.

The avalanche diode D15 establishes a constant voltage between the base

of Q4 and the output common wire. Transistor Q4 is operated in the active

region as a series-pass voltage regulator. The output voltage is about 14.8

* volts and the collector-emitter voltage of Q4 is about 9 volts.

_ ." If the termination resistor, RT is 3000 ohms, then the steady-state

collector current of Q4 is about 4.8 mA. The series resistor R14 serves to

limit the maximum collector current in Q4. We can make R14 ' 68 9, without

appreciably increasing the output impedance from the case where R14 is zero.

The maximum collector current, if the output signal line were shorted to the

-. power supply common and Q4 were operated in saturation, would be about 140 mA.

This current will not harm Q4.

Resistances R11 and R13 may be shorted by the resistance of the earth

P°-P
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between the transmitter site and the receiving site (where RT is located).

During normal operation ground potential at both sites should be nearly

identical so most of the signal return current may not pass through R1 1 and

R13.

The values for resistors Rio through R13 are determined by transmission

line considerations. It would be desirable for the output impedance of the

_ -transmitter to match the characteristic impedance of the cable. The twisted-

pair cable probably has a characteristic impedance between about 100 9 and 150

0, thus we make + R12 - 100 Q. RIO is a positive temperature coefficient

resistor, which protects the avalanche diodes and varistors from sustained

currents.

3SPARK GAP AND VARISTORS

We now consider the transient protection devices in Fig. 11-10. The

I ispark gaps G, and G2 keep the potential of the long lines within about 150

volts of local ground. These two spark gaps can be contained in a single

three-electrode gap, or they can be independent two-electrode gaps. Since

_ this is not a balanced line driver, the three-electrode gap is not essential

and we can obtain a smaller tiring voltage by specifying two-electrode gaps.

*Notice that a spark gap, G2, is used between local ground and the signal

return conductor in the long line. When lightning strikes a building there

can be large potential differences between ground in that building and

"' adjacent buildings. These potential differences are caused by the finite

conductivity of the earth. There is no a priori reason to assume that the

transient voltage will be larger (or smaller) on the output signal conductor

p
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as compared to the signal return conductor. Therefore, both conductors are

shunted to local ground with a spark gap.

The finite time required for a breakdown to occur inside the spark gap

increases the stress on the remainder of the circuit. Therefore metal oxide

varistors have been included between the spark gaps and avalanche diodes. One

must include resistors, R10 and R11 , between the varistors and spark gaps if

the spark gaps are to protect the varistors from large current surges. When a

transient current of 10 A passes through the varistor, there will be about 270

volts across the spark gap with the components listed in Table 11-II. The

spark gap will conduct within a few microseconds (or less), and shunt current

away from the varistor.

Whenever the spark gap G, conducts and operates in the arc region, the

voltage across the spark gap will be less than the 47 volt value of VN, and

varistor S1 will not conduct. The same situation is true for the spark gap G2

and the varistor S2 .

Varistor S3 limits the voltage difference between the lines. Without

varisto S3 , a larger current could flow in resistors R12 and R13, and in

diodes D7 and D8 .

Avalanche diodes D7 and D8 limit the maximum magnitude of collector to

emitter voltage across power transistors Q4 and Q6 " The minimum value of

avalanche voltage would be 15 volts, the maximum signal output voltage. The '.,

maximum avalanche voltage would be determined from the maximum allowable

collector-emitter voltage of Q4 and Q3 (and Q5 and Q6 ). The breakdown

JV
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voltage, VCEO, Is at least 70 volts for Q3 and Q5 if they are part of a CNY17

0. optoisolator. The VCE0 breakdown value of Q4 and Q6 is even greater. Thus

avalanche diodes D7 and D8 must conduct at less than 45 volts to keep Q3 and

Q5 from operating in the breakdown region. The maximum allowable current for

i ma given type of avalanche diode is greater for smaller values of avalanche

breakdown voltage. The choice of a small avalanche voltage also reduces the

stress on the transistors Q3, Q4, Q5 , and Q6 "

When the emitter terminal of a NPN transistor is about 7 volts more

positive than the base terminal, the base-emitter junction is In the reverse

breakdown region. Diodes D11 and D12 protect the transistors from operation

in this region.

ITRANSIENT ANALYSIS

First we consider the largest pure differential mode voltage that will

* •not cause the varistors or spark gaps to conduct. For the devices listed in

Table 11-I1, this situation occurs when the output signal conductor is about

- +27 volts from local ground and the signal return conductor is about -27 volts

from local ground. An current of about 90 mA flows through RjO, R12, D7 , and

D8 . An initial current of about -260 mA flows through R11 and R13. (We say

"Initial" because the PTC resistor, Ri0 will switch and decrease this

* current.) A current of about 170 mA flows in the power supply common wire

when the transient voltage is purely differential-mode and avalanche diodes D

and D8 are conducting.

We have Just considered the case for which the transient is purely

S -- .. . . .
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differential-mode. Now we consider a worst-case purely common-mode transient

for which the varistors or spark gaps are non-conducting. Suppose both the

signal output and the signal return conductor are 55 volts above local ground.

The initial current in RIO, R12 , D7 , and D8 is 360 mA; the initial current in

R11 and R13 is 530 mA. The current in the power supply common wire is the sum

of these two currents, which is about 0.9 A. It is desirable to avoid such a

large current in the common wire since this current will produce voltage drops

due to resistance and inductance in the wire.

We can reduce the effect of these large currents by specifying that the

common wire be relatively large (e.g. 16 AWG or larger). Notice in Fig. 11-10

that the spark gaps and varistors have a separate ground path. Copper braid

with a width of at least 5 millimetres would be preferable to wire. The spark

gap ground braid and power supply common wire are connected to the same earth

ground (i.e. copper water pipe or building ground), but are routed

independently so that the spark gap and varistor currents have a minimal

effect on the power supply voltages.

Smaller varistor voltages would reduce the size of these common currents,

but that choice would also make it less likely that the spark gaps would

conduct. We could also reduce the size of the common currents by increasing

the value of Rio through R13, but this would also increase the output

impedance of the circuit.

After the positive temperature coefficient resistors, RIO and R11,

switch, the current in the varistors, avalanche diodes, and power supply

common wire will be greatly reduced. This protects these components from

'5 . . . . . . .5~'5 * S. S~55~, . . . . . . .
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sustained overstresses.

POWER SUPPLIES

-=The subject of DC power supplies is treated in detail in Chapter 13. We

make only a few remarks here that are relevant to this particular application.

The power supplies were chosen to be ± 25 volts, the maximum allowable

open-circuit RS232 voltage. Once a transient has entered the power supply it

could damage many amplifiers and the equipment that is connected to these

* amplifiers. Therefore these 25 volt supplies for the transmitter circuit

shown in Fig. 11-10 should be independent of the ±15 volt supplies used in

the receiver, which was shown in Fig. 11-9. However, the same 25 volt

supplies can be used for many different active transmitter circuits. The

active transmitter is robust and can tolerate power supply transients.

* pThe ± 25 volt power supplies are protected and isolated from other

transmitters by resistors R14 through R17 , and capacitors C5 , C6 , C7 , and C8 .

The diodes D and D14 protect the polar capacitors from possible voltage

reversals during transients. Additional protection for the power supplies

should be provided by a varistor across the output terminals of the power

supply chassis.

The insulation of the step-down transformer that furnishes power to the

t25 volt regulators should be rated to withstand at least 2500 volts between

primary and secondary. The capacitance between primary and secondary coils of

this transformer should be less than about 50 pF. Otherwise the system

o .. . . . .
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isolation provided by the optolsolator might be compromised by breakdown of

the transformer insulation (and injection of transient current into the power

line). Metal oxide varistors should be connected at the transformer primary

• winding, as described in Chapter 12. These measures serve to protect the

circuit from transient overvoltages on the power line and also serve to

prevent the transient from propagating from the signal conductor to the mains.
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Table 11-I

Components for Optoisolator Received Data Circuit

G- 150 V DC spark gap in ceramic case

D1,D2  INJ4736 (6.8 V. 1 watt Zener diode)

D 3,D4part of CNY17-IV optoisolator

D 5,D6  IN14J447 switching diode

Q1-Q2part of CNYIT-IV optoisolator

r breakdown voltage VCEO > 70 volts,

about 5 uis switching time between active and cutoff regions,

current transfer ratio > 160 %

A, LF356 operational amplifier

Ri 2000 ohms, 2W carbon composition

R2 1000 ohms, 0.5W carbon composition

R3,R42200 ohms, 0.5W carbon composition

R5  100 kilohms, 0.25W

C1 ,C2  100 ViF, 25V

- C3,C14 0.1 VF ceramic



Table 11-II

Components for Optically-isolated Transmitted Data Circuit

Gj,G 2  90 V DC spark gap in ceramic case

S1 ,S2 1S3  metal oxide varistor, VN - 47 volts

D71D8  1.5KE18C (18V bipolar avalanche diode)

D9 ,D10  part of CNY17-IV optoisolator

D11,D12 ,D 13 D11 4 1N140014 rectifiers

D15 ,D16  1N5246 (16V, 0.5W avalanche diode)

Q3,Q5part of CNY17-IV optoisolator

P2N6552 1A, 80V' power transistor

Rj~p~jjpositive temperature coefficient resistor; each about 20 Q~

during normal operation, switch at about 130 mA in 20 celsius

en fironment.

R12 PR 13  82 ohms, 2.0 W carbon composition or wirewound

R14.R68 ohms, 2.0 W carbon composition

R 1 51  20om,05W cro opsto

R1,R 17 3000 ohms, 0.5 W carbon composition m

C5,C61.0 OF to 4.7 jOF, tantalum, 35 V

C7,C80.1 O*F, ceramic, 50 V

C 7 ,C-.7
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PROTECTION OF MAINS

INTRODUCTION

Transient suppression devices for mains (AC power lines) are

- appropriately divided into tour classes.

1. Distribution surge arresters (typically 3 kVrms and greater)

2. Secondary arresters (120, 240, 480 Vrms)

3. Line conditioners, surge protection modules (120 Vrms)

4. Surge protection devices inside a chassis

r These classes can be distinguished in several ways: type of circuit and

construction, electrical surge specifications, and who is responsible for

requesting it.

The local power company installs and maintains the distribution

arresters. These high-voltage devices will not be discussed further in this

report. Additional information on such devices can be found in the textbook

by Alan Greenwood (1971) and In proprietary literature from manufacturers

(e.g. General Electric, Westinghouse, McGraw-Edison).

The secondary arrester Is installed by an electrician at the point of

entry of power into a building. If the building contains a distribution

transformer, the secondary arrester (as the name implies) is connected on the

secondary side (120 volt rms side) of the distribution transformer. If the

building does not contain a distribution transformer, the secondary arrester

is usually mounted on the meter box or on a disconnect box at the service

entrance. A circuit diagram Is shown in Fig. 12-1. The occupants of the

I'
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Page 12-2

building are responsible for requesting the installation of a secondary

arrester.

The third class of devices, surge protection modules and line

o. Iconditioners, are boxes that are connected to a wall outlet to furnish

"transient-free" power. A circuit diagram is shown in Fig. 12-2. The user

simply plugs the load that is to be protected (e.g. computer) into the output

of the box. Whoever requests the sensitive electronic circuit is responsible

for also obtaining "transient-free" power, most commonly, by requesting a

surge protection module or line conditioner. Line conditioners are a device

that is designed to maintain the rms value of line voltage at a nearly

constant value, as well as provide isolation and remove noise. The surge

protection module usually contains a metal oxide varistor(s), and perhaps also

3 an RFI filter circuit. We shall discuss line conditioners and surge

protection modules in greater detail later.

The fourth, and last, class of AC power transient protection devices are

those that are included inside the chassis of electronic equipment by the

manufacturer. Such devices include (1) passive RFI/EMI filters in pre-

fabricated metal cases and (2) a metal oxide varistor that is connected across

V . the mains. We shall discuss appropriate specifications for these devices

later.

o ..

S :

-o

.5. - . . . . . . . . . . . . . . ' . . . . .



- ~ ~ ~ ~ L IL I'- '--~r~V

ZL3

f- 7rar.

-"fl

~Lfzz4'

its

cmJ

CA:r

U, LL

C.2Ii.

LU

Lii

- L
-.Au -u



Page 12-3

SECONDARY ARRESTER

Secondary arresters are typically rated for 500 to 650 Vrms service so

that one model is suitable for use on 120, 240, or 480 Vrms lines. There are

two common kinds of secondary arresters. The older kind has a silicon carbide

varistor in series with a spark gap; the newer kind contains a metal oxide

varistor alone. One side of the device is connected to the line, the other

side is connected to local ground. One, two, or three devices are available

in a single container for protecting single phase, two phase, or three phase

secondary circuits. A circuit diagram was shown in Fig. 12-1.

Military Standard 188-124 (1978, section 5.1.1.3.12) for long

haul/tactical communication systems requires a lightning arrester to be

installed at the point of entrance of the mains into the facility.

The silicon carbide/spark gap units are designed to clamp the power line

at about 2.5 kV @ 1.5 kA and at about 4 kV @ 10 kA. The spark gap is set to

conduct at about 2 kV. The silicon carbide varistor is included to extinguish

the spark gap and has an approximate characteristic curve

I 1.5 1011 V 4

where I is in amperes and V Is in volts.

p

The metal oxide varistor units clamp at a somewhat smaller voltage, about

2.9 kV @ 10 kA. A typical value of VN for a 120 volt rms secondary arrester

is about 1 kV. Such a large value of VN is necessary to prevent excessive

• ... • .. . . . .
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steady state power dissipation (and consequent destruction of the varistor)

after degredation by transient overstresses.

Applications in which the series combination of a metal oxide varistor

and a spark gap are connected across the mains seem pointless. We can not use

the spark gap alone across the mains, owing to follow current problems, which

the varistor solves. However, why not use the metal oxide varistor alone?

The spark gap in no way helps the varistor to survive large transient

* .currents. Moreover, the finite turn-on time of the spark gap may allow fast

transients to propagate downstream from the arrester that contains a spark

gap. We note that the series combination of a silicon carbide varistor and a

spark gap is useful for mains protection. The spark gap acts as a switch to

prevent steady-state power dissipation in the silicon carbide varistor during

normal conditions and the varistor extinguishes follow current in the spark

gap after a transient. In general, the metal oxide varistor will provide

superior protection compared to the silicon carbide varistor/spark gap

combination.

COORDINATION OF TPDs FOR MAINS

Because the clamping voltage of secondary arresters is so great, one also

needs additional transient protection downstream (between the secondary

arrester and the sensitive load). The reason for using the secondary arrester

is that it will tolerate the large peak currents (typically 20 kA peak) that

are encountered during a direct lightning strike to an overhead power line.

It is not possible with present technology to fabricate an economical and

reliable arrester that will tolerate 20 kA peak currents and clamp at a

~~~~. . ........" ' " -- " . .," " .• "" *"' .* *-*.*.'*."*n" "a
,

- -. . "-; * "- , . .~' . .. .% "" "" ' .'. ... . .-,"," . '- '- .



Page 12-5

relatively small voltage of, for example, 400 volts. Therefore the secondary

arrester is designed to clamp at several kilovolts in order to keep the

arrester inexpensive and maintenance-free. Since a 3 kV transient on the

mains can damage electronic systems, additional protection devices are

required downstream. Branch circuit TPDs limit the peak voltage on the mains

to between about 300 and 400 volts. TPDs inside the chassis provide redundant

protection from external transients and prevent a particular system from

polluting the branch circuit with transients that originate inside the

chassis.

The mains wiring should be enclosed in rigid steel conduit for optimal

shielding against introduction of transients in the interior of the building

(Lasitter and Clark, 1970, p.4).

AC LINE CONDITIONERS

An AC line conditioner is a box that contains a circuit to accomplish all

of the following three items:

1. Provide voltage regulation. When the rms input voltage is between

95 and 130 volts, the output voltage should be 120 ± 5 volts rms for

no load to full load.

p

2. Provide at least 50 dB differential-mode attenutation at frequencies

above 100 kHz

3. Provide isolation: no more than 1 pF capacitance between the input

........... l
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and output terminals. This, wnen combined with capacitance shunted

across the load, attenuates common-mode transients.

We will now discuss how the voltage regulation is obtained, and tnen

discuss differential-mode attenuation. Common-mode attenuation was discussed

in Chapter 9 under isolation transformers.

There are two common techniques to provide AC voltage regulation'in line

conditioners: (1) the ferro-resonant transformer circuit and (2) the tap-

switching transformer.

The physics of operation of a ferro-resonant transformer c'rcuit has been

reviewed by Grossner (1983, p.160-16 2). The following description is grossly

oversimplified, but serves to convey the general idea. The ferro-resonant

transformer uses a core that is operated in "saturation," i.e, the magnitude

of magnetic induction, B, is essentially independent of the magnitude of the

magnetic field, H. Since the magnitudes of the input voltage, current in the

primary coil, and the magnetic field, H, are all proportional, this makes the

value of B essentially independent of the rms input voltage. If a resonant

circuit were not present, the output voltage would be a crude square wave with

the same frequency as the input voltage. An inductor-capacitor resonant

circuit converts the output voltage to a quasi-sinusoidal waveform. If a

sinusoidal output waveform is desired, a "harmonic-neutralized" design should

be specified. This will typically provide less than 3 % harmonic distortion.

The ferro-resonant circuit has several outstanding advantages compared to

other types of regulators:

S
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f B1. Excellent voltage regulation: output voltage is typically 120 t 3

volts for input voltages between 95 and 138 volts (no load to full

rated load conditions).

2. The ferro-resonant transformer is inherently short-circuit proof.

If the output terminals are shorted, the magnitude of the output

current will be about 1.5 to 2.0 times the maximum rated load

current. Under these conditions the transformer will act as a

constant current source. This will not harm the transformer.

3. The ferro-resonant circuit tends to ignore brief losses of input

power. There is essentially no change in rms output voltage when

the Input voltage is zero for durations of 2 to 4 ms, since the

resonant circuit continues to oscillate for several cycles without

additional energy input.

4. High reliability. The only components in a ferro-resonant

transformer are one transformer (with multiple windings) and one

capacitor. There are no moving parts, and no semiconductors.

However, the ferro-resonant transformer has several major disadvantages:

1. Because a resonant circuit with a fixed resonance frequency is used,

the device is sensitive to changes in frequency of the input

waveform. For a typical ferro-resonant transformer, if the input

frequency deviates from the design frequency, the output voltage

I.
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will change by about 1.5% to 2% for each 1% change in input

frequency. This effect is inherent in the performance of a resonant

circuit that is not driven at the resonance frequency. This is not

a serious problem when the input power is obtained from public

utilities. However, when the input power is obtained from local

generators that are driven by an internal combustion engine, the

error in input frequency is often several percent.

2. Because the transformer core is driven into saturation, the

transformer can be inefficient. If the ferro-resonant transformer

is operated at half its maximum rated load, the typical efficiency

Is only about 65% due to large losses in the core. (If the unit is

operated with its rated load and with an input voltage that is

approximately the same as the output voltage, typical efficiencies

are between 80 and 95%. These figures are often cited by vendors as

evidence of "good efficiency.") The ferro-resonant transformer core

operates at 45 to 85 celsius above ambient temperture due to power

dissipated in the core. This heat burden can be a serious

consideration in computer rooms that need cooling.

3. The ferro-resonant transformer is massive. A 500 VA ferro-resonant -

unit has a mass of about 21 kg, about 75% more than for a tap-

switching line conditioner of the same VA rating.

A second type of AC voltage regulator is the tap-switching transformer.

A standard two coil (primary and secondary) transformer can be provided with

multiple terminals (called "taps") on either coil to compensate for variations

.. .* .. .
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in the magnitude of ch* input (primary) voltage. Depending on the number of

o taps. one can obtal, artdtarily good regulation. A common specification is

for the out;Lt voltage to rmain constant within ±5% for an input voltage

change of 1'21. W.le this is worse regulation than that of a ferro-resonant

circuit, It Is st' A acceptable for most critical applications (e.g.

compiters, ele tr)ni: Instruments). The tap switching is usually done with a

tr.ac wr*= :s raster anJ more reliable than a power relay.

i--. !.rrtrent way to obtain the functions of a line conditioner is

- .- .- :.4o ".-a. Isolation is obtained by having an electric motor turn

" o i* :a generator: there is no electrical connection between input and

.3._*e! f this circuit. The shaft between the motor and generator can

e : :i nsulating material to provide complete isolation. Attenuation of

-i?-f-equency differential-mode noise is provided by the large moment of

nertia of the rotating machinery: the rate of rotation of the generator can

nct change rapidly. An additional advantage of this arrangement is that

interruptions of mains voltage, up to several hundred milliseconds in

duration, do not affect the output voltage, since the rotating parts of the

generator, motor, and shaft acts as a flywheel and stores mechanical energy.

The autotransformer is another type of AC voltage regulator. The

autotransformer (also known as a "variable ratio transformer" or by the trade

name "Variac") provides no isolation since the primary and secondary share

turns on the same coil. The autotransformer fails to meet our requirements

for a line conditioner and will not be considered further.

We have Just reviewed the operation of AC regulators, one of the

~~~~~~~~~~~~~~~. . .. •• .......... . . ..-... o. -. o. . .o.. o- oo..... ..
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requirements for a line conditioner. The second requirement of a line

conditioner is that it provide differential-mode attenuation for high

frequency noise. This can be accomplished by including some inductance in

series with the transformer primary, or by placing an inductor-capacitor

filter module in series with the input side. If a relatively large series

inductor is inserted in the primary side, the voltage across both primary and

secondary coils of the transformer will be reduced. We can compensate for

this effect by increasing the number of turns in the secondary coil. The

large series inductance in series with the primary coil gives much better

rejection of noise at frequencies below 0.5 MHz than common inductor-capacitor

filter modules.

Line conditioners are manufactured in the U.S.A. by the following

3 companies, which are listed in alphabetical order. The reader is advised that

this list is not complete, but probably does contain most of the larger

companies.

Elgar, division of McGraw-Edison

General Electric

Gould, Power Conversion Div. (formerly Deltec)

Frequency Technology (IsoregTM)

Sola, division of General Signal

S Topaz

The line conditioner is designed to solve most of the problems

encountered with poor quality AC power. However, it does not solve two

problems: (1) temporary loss of AC power, and (2) protection against severe

• "'"+ '" ","• ,•...-.,..........-........'.- -?.' "...-...". ,.,.•..-.' '.'. ..- ..- ,..
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transient overvoltages.

Uninterruptible Power Supplies

The first of these problems can be solved by obtaining an

"uninterruptible power supply" (commonly called a "UPS"). One type of UPS,

which is shown in Fig. 12-4, contains batteries and an inverter (a circuit to

convert DC to AC). When the input AC power is lost (or the rms input voltage

is less than about 105 volts), the batteries and inverter provide continuous

AC power at the output terminals of the UPS. A small UPS can typically

operate its full load (e.g. 400 VA) between 10 and 30 minutes before the

batteries are completely discharged. When the input AC power is restored, the

batteries are recharged.

A UPS is particularly nice to have for a computer system, so that the

system does not "crash" during brief AC power outages. If the input power is

to be interrupted for longer than the UPS can operate the load, then the

computer system can be shut-down in an orderly way with all data or

information preserved on magnetic disks or magnetic tape. We note that large

computer systems require cooling, usually air conditioning, to prevent thermal

damage to the electronics. It is usually uneconomical to purchase a UPS that

has adequate capacity to operate the cooling system and computer. Since the

computer should be operated for less than 20 minutes without cooling, this

places a limit on the maximum practical size of the UPS.

If operation of critical loads during AC power interruptions of more than

about 30 minutes is desirable, a diesel engine and a generator may be more

"-J
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Page 12-12

economical than a UPS that is operated from lead/acid batteries. This is

particularly true for large systems that include air conditioners.

The motor/generator isolation unit can be modified, as shown in Fig. 12-

3b, to be an uninterrruptible power supply.

How is a UPS to be connected with a line conditioner? There are two

possible ways, which are shown in Fig. 12-5. The surge protection module,

which will be discussed in detail in the next section, removes severe

transient overvoltages from the mains. First, we discuss when the arrangement

of Fig. 12-5a is preferable.

If the UPS has a non-sinusoidal output waveform (square wave inverters

are common in less expensive UPS models), then a ferro-resonant line

conditioner could be placed downstream from that UPS, as shown in Fig. 12-5a,

to provide a more nearly sinusoidal waveform to the load.

If the output of the UPS is connected by a relay to either (1) the input

of the UPS or (2) the output of the inverter, typically 5 to 10 milliseconds

is required for the relay to change state. During this time no power is

delivered to the output terminals of the UPS. By using a ferro-resonant line

conditioner downstream from the UPS, as shown in Fig. 12-5a, we obtain more

nearly continuous power to the load, since the resonant output circuit

continues to oscillate for a few cycles in the absence of input power.

However, such a situation will draw a large initial surge current from the UPS

and may cause the circuit breaker at the UPS output to trip.

r.'
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Page 12-13

When the rms voltage at the load must be tightly regulated, a ferro-

*resonant line conditioner downstream from the UPS, as shown in Fig. 12-5a, is

probably a good idea. A ferro-resonant transformer could be expected to have

better output voltage regulation than a typical UPS. However, the user should

check the specifications of the particular models that he intends to use to be

certain.

The circuit of Fig. 12-5b is preferable when the line voltage if often

between 95 and 110 volts rms. The line conditioner will boost these low

voltages to acceptable levels and prevent the UPS from draining its batteries.

Surge Protection Modules

The other problem that is left unsolved by a line conditioner alone is

that of severe transient overvoltages. This problem is solved by obtaining a

surge protection module. These modules usually contain metal oxide

varistor(s), possibly with the addition of an inductor-capacitor filter

module.

Fig. 12-6 shows the schematic diagram of a comprehensive module which the

author has designed and used. The parts list is given in Table 12-I.

The varistors V1 , V2 are included to attenuate common-mode transient

overvoltages. These devices should remove most of the overstress.

The capacitor C1 is connected directly between the non-grounded terminals

of V, and V2 with minimal lead length. The purpose of this capacitor is to

.. . .*. . . . .
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reduce the rate of rise of differential-mode transients. It may not be

necessary. Bell (1975, p.108) recommends at least a 600 volt DC rating when

C1 is to be used on 120 volt rms mains.

Inductors L, and L2 are the point-to-point wiring between varistors V,

and V2 and the line side of the low-pass filter module (or to V3 if the LPF is

not installed). By placing many turns in these wires, we create more

inductance in this path than In the shunt path through V, or V2 . Therefore,

fast transient overvoltges with large amplitude are forced through V, or V2 to

ground. These inductors are an important part of the circuit.

The low pass filter module (LPF) is included to prevent radio frequency

Interference from perturbing the operation of the load. If interference above

50 MHz is likely, lossy line should be included between varistors V1 , V2 and

the LPF module. This is suggested because lumped-element filters do not work

wtil at very high frequencies. In this situation, the output of the LPF

module should be on the opposite side of a shielded enclosure from the line

side of the LPF module.

Varistor V3 is the final transient protection element. It is included to

clamp the differential-mode output voltage to an acceptably low level (about

300 volts).

The fuse and switch are not necessary for transient protection, and are

provided for convenience. In order for the fuse to be a credible safety

device it should be rated as noted in the parts list.

* . ...... .... •. ... . . . . . .. . . . . . .................................. ?. ..... ,.......•,-.-........,. . ...
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"" Substantial, but less comprehensive, transient protection can be obtained

by a much simpler circuit: one can install a varistor inside a common outlet

strip to provide differential-mode protection. This varistor should have

. specifictions similiar to V3 in the surge protection module that was discussed

above. The varistor should be connected between the white and black wires to

give differential-mode protection. If possible, two additional varisotrs can

be included: one between the white and green pair, the other between the black

and green pair. Each varistor should, of course, have minimal length of leads

Lu dvoid extra parasitic inductance. Installation of the varistor is more

convenient In outlet strips that have solid non-insulated copper bus wire

Sr inside for the AC power and ground, than models with insulated wire inside.

We mention that all of the units in a system must be conencted to a line

conditioner and surge protection modules, in order that the system be

protected from transient overvoltages. This simple rule is often violated in

computer systems, where the computer is connected to the mains through a line

conditioner and surge protection modules, but not the peripherals such as the

printer or terminals. Since the peripherals are connected to the computer via

the communications Interfaces, transient overvoltages could propagate from the

mains through the peripherals to the computer. The simplest solution is to

have one large line conditioner that serves all of the computer system.

However, if some of the peripherals are to be located more than about 4 metres

from the computer, separate line conditioners for the remote periphrals may be
I

advisable.

* VARISTOR IN CHASSIS
'I"
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In a chassis that consumes less than 500 watts of AC power from a 110 to

120 Vrms mains, and does not contain a potent source of transients, an

appropriate metal oxide varistor might have the following specifications.

1. 185 < VN < 230 volts (VN is the varistor voltage at 1 mA DC current)

2. less than 350 volts across the varistor during a 8x20 ps test current

with a 100 ampere peak value

3. will survive a 4 kA peak current (8x2O us waveshape) without rupturing

case or loss of protective function

4. able to tolerate a at least a million pulses of 50 ampere peak current

(8x20 us waveshape) without changing VN by more than ±10%.

In addition, the chassis must contain appropriate RFI/EMI filters in

series with the mains to meet requirements for radio frequency interference.

It would be desirable to put the varistor between the line cord and the

filter. However, the filter is usually located at the socket for the line

cord, so in modifying an existing chassis, the varistor must be located

between the filter and the remainder of the electronics in the chassis.

TRANSIENT SUPPRESSION AT SOURCE

It can not be too strongly emphazised that that transients due to

switching reactive loads should be suppressed at their source, rather than

allowed to pollute a system. Relays, solenoids, and motors should have a I
Ki
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- imetal oxide varistor or bipolar avalanche diode installed across the coil (and

across the contacts of a relay) as shown in Fig. 12-7a to suppress transients.

If the relay, solenoid, or motor operates from DC (no polarity reversals

during normal operation), then a rectifier that is connected across the coil,

as shown in Fig. 12-7b, offers the best clamping. A system that is protected

In this way will be a "good neighbor" and is less likely to cause problems

when it is Installed near a sensitive system.

If it Is not feasible to suppress transients at their source, then a

system that produces transients must be isolated from the mains by a surge

protection module. Common sources of transients are large motors (e.g. air

conditioners, refrigerators, elevators, etc.), fluorescent lamps, neon signs,

photocopiers, and vending machines.

*1-
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Table 12-I

PARTS LIST FOR SURGE PROTECTION MODULE

S.i V2  metal oxide varistors

" ~*(e.g. General Electric V130PA20A or V150PA20A)

specifications: 185 < VN < 285 volts (at 1 mA DC)

V < 420 volts at I - 100 A (8x20 us wave)

V < 800 volts at I - 5000 A (8x20 us wave)

able to tolerate at least a million pulses of 60 ampere peak current

(8x20 Us waveshape) without changing VN by more than ±10%

will survive a 6.5 kA peak current (8x20 us waveshape) without

rupturing case or loss of protective function

V3  metal oxide varistor

" ." (e.g. General Electric V130LA20A or V130LA20B)

specifications: 185 < VN < 230 volts (at 1 mA DC)

* V < 340 volts at I 100 A (8x20 Us wave)

same pulse lifetime and peak current rating as VI above

C1  (optional) capacitor, 0.01 F 5 C S 0.22 pF

DC rating 9 1000 V, must be "self-healing"

L1 , L2  about ten turns of insulated 14 or 16 AWG copper wire

. (internal diameter of coil is about 1 am)

LPF (optional) commercial mains low-pass filter module

- * This filter should withstand at least a 1.45 kV DC test between the

two line terminals, or between either line terminal and ground, for

. at least one minute. It is also desirable that the filter provide

S both common-mode and differential-mode insertion loss of at least 30

dB between 0.5 MHz and 30 MHz (in a 50 0 test fixture).

F, (optional) fuse

Specifications: current rating equal to or less than that of lo4-

a. pass filter module, but not greater than 20 amperes. This fuse

a.

.- . ,*, . . - . ,- .... . . . . . . * -*- .
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PROTECTION OF DC POWER SUPPLIES

INTRODUCTION

Transient protection of DC power supplies is essential because loads can

be damaged by excessive power supply voltages. U.S. Military Handbook 419

(1982, p.1-84) states that "power supplies (5 to 48 V) operating from AC

inputs and supplying operating power for solid-state equipment always require

1-t~rn:1 transient protection [emphasis added]." Fig. 13-1 shows a DC power

supply and several critical loads. There are four different situations, which

*are illustrated In Fig. 13-1, where the loads are vulnerable to damage.

1. Transient overvoltages can enter the system through the mains, propagate

* -through the DC power supply module, and affect all of the loads.

2. Transient overvoltages can enter the system on a data line, propagate

I through an amplifier onto the power supply line, and then affect other

loads.

3. A load that requires a DC power supply current with a large time rate of

* change (owing to both high frequency and large amplitude) will produce a

voltage fluctuation on a DC power bus. This voltage fluctuation is

caused by parasitic inductance in the DC power supply bus and large

values of dI/dt, where I is the power supply current to the load. Notice

that a large value of di3/dt in Fig. 13-1 will also affect the power

supply voltages at the other two loads.

I 4. Failure of the voltage regulator In the DC power supply module can

produce a sustained overvoltage condition that can destroy the loads.

P The effect of item 3, voltage fluctuations on the DC power supply bus, is

usually not associated with damage to the loads, however It can produce

%-.
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excessive noise and upset. We mention it here becasue it is part of the

general electromagnetic compatibility problem and because techniques for

dealing with it also attentuate destructive overvoltages on the DC supply

line. Voltage fluctuations owing to parasitic inductance in the power supply

Sm conductors Is usually reduced by installing bypass capacitors near each load

that has a large time rate of change of DC supply current, and by distributing

bypass capacitors along the DC power supply conductors. This was discussed in

Chapter 10 on parasitic inductance. We will also discuss it below.

A simple, unprotected, DC power supply circuit Is shown in Fig. 13-2.

For convenience, we shall only discuss a circuit with a positive output

voltage. The transformer reduces the mains voltage to a lower value in an

energy-efficient way. Typical secondary voltages are 20 volts rms for 15 volt

3 DC supplies, 10 volts rms for 5 volt DC supplies. The four rectifiers, D, -

D, convert the sinusoidal secondary voltage into a waveform that always has

the same polarity. The filter capacitor, C, provides a quasi-DC voltage by

storing charge when the output voltage of the rectifiers is greater than the

capacitor voltage and by releasing charge when the output voltage of the

. • rectifiers is less than the capacitor voltage. The voltage regulator module

provides a constant output voltage by varying the effective series resistance

between the input and output terminals. The regulator module forms a voltage

divider with the load resistance. By using negative feedback, the regulator

" .maintains a constant output voltage for a wide range of values of load

resistance (or load current) and Input voltage.

We will limit the discussion to integrated circuit voltage regulators,

since these are inexpensive and deliver good performance. In order to

t .
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provide good performance, the value of (Vin Vout) should be greater than

Sabout 3 volts. However, larger values of (Vin V rout) waste energy and

' .contribute to thermal stress on the voltage regulator components, provided

- that the load current is also large. If Vin is too large, the regulator

module may be destroyed.

There are four different groups of components that need protection.

1. The transformer needs protection from excessive primary voltage, both

common-mode and differential mode.

2. Rectifiers need protection from excessive current and excessive reverse

voltage.

3. The input port of the voltage regulator and electrolytic filter capacitor

needs protection from excessive voltage.

4. Output port of the voltage regulator and the loads that are connected to

it require protection from overvoltage.

We now discuss how to protect each of these groups of components.

PROTECTION FROM TRANSIENTS ON MAINS

A transformer is quite robust, when compared to the other components in a

DC power supply. Nevertheless, we must protect the transformer because its

failure will be catastrophic for the power supply. If the transformer fails

* with a short-circuit between primary and secondary, the full mains voltage can

be applied to the rectifers, filter capacitor, and voltage regulator with

probable destruction of all of them. If the transformer falls with an open-

'" circuit in either the primary or secondary winding, the DC power supply will

cease to function.

I. t
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In order to obtain good isolation from the mains, the transformer should

have either a properly grounded electrostatic shield between the primary and

secondary coils, or the two coils should be non-concentrically wound. These

specifications reduce the coupling capacitance between the primary and

secondary coils. In addition, it would be desirable for the transformer to be

specified to survive 2500 volts rms continuously between primary and secondary

windings with no degredation in insulation. These requirements assure that

the transformer is robust.

Metal oxide varistors should be connected from each side of the mains to

ground to provide protection from excessive common-mode voltage at the primary

winding of the transformer. A third metal oxide varistor should be connected

across the primary winding of the transformer to provide protection form

excessive diffferential-mode voltage. This is shown in Fig. 13-3, and

described in detail in Chapter 12 on mains applications. In years past it

was considered good form to use capacitors in the locations shown by VI, V2 ,

and V3 . Common units were ceramic diSKS with a capacitance between 0.005 UF

and 0.02 vF and a working voltage rating of 1.4 kV DC. The metal oxide

varistors are clearly superior, owing to their capability to clamp at a small

voltage even when a large surge current (with a large charge transfer) is

present. Moreover, the 20 mm disk metal oxide varistors with VN of about 200

volts have a parasitic capacitance of about 0.002 WF. Thus the use of the

metal oxide varistors automatically includes the capacitative shunt.

These metal oxide varistors protect the rectifiers, as well as the

transformers, from excessive voltages. For example, consider the situation

I
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where the primary is connected to 120 volt rms and the secondary voltage is 28

volts rms, a ratio of 1:0.23. If the varistor limits the peak differential-

* mode primary voltage to 300 volts, then the peak secondary voltage would be

expected to be about 70 volts. This should be well within the reverse

breakdown rating of the rectifiers, which typically have a reverse breakdown

rating of 400 volts. The capacitor C3 , which is shown in Fig. 13-3, provides

a shunt path for differential-mode transient currents. A typical value of C3

is between 0.01 OF and 0.1 OF. This capacitor must be mounted near the

transformer secondary terminals to minimize electromagnetic radiation.

We now consider common-mode attentuation over overvoltages by the

transformer, capacitors C1 and C2 , and varistors. The two capacitors C, and

C2 , which are shown in Fig. 13-3, constitute a voltage divider with the

parasitic capacitance between primary and secondary coils, Ct. This voltage

divider attenuates common-mode transients, in the following ratio.

(vout/vin) - Ct/(CI + Ct)

Typical values of Ct are less than I pF if a grounded electrostatic shield is

used between the primary and secondary, and about 30 pF if the two coils are

non-concentrically wound. Typical values of C1 and C2 are about 0.01 uF each.

These typical values give a (vout/vin) ratio of of less than 10-4 when an

electrostatic shield is used, and about 1.5x10- 3 for non-concentrically wound

transformers. If varistors V, and V2 limit the maximum value of Vin to 300

volts, the common-mode output voltage will be less than 0.5 volt. This places

negligible stress on the DC power supply, provided the transformer can

withstand 300 volts between the primary and secondary. By also requiring a

2500 volt rms insulation rating, we obtain at least an order of magnitude

safety factor.

S.
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The voltage rating of capacitors C1, C2 , and C3 should be at least three

times the rms secondary voltage or 100 volts, whichever is greater.

P Capacitors C1 , C2 , and C3, along with varistors V1 , V2 , and VP should be

installed with mirimal lead length to reduce parasitic inductance in series

with the shunt path.

Lasitter and Clark (1970, p.76) recommend placing a 1 VF non-electrolytic

. capacitor in the position shown as C2 in Fig. 13-3. This relatively large
r2
capacitance, together with the leakage inductance of the transformer, forms a

single-pole low-pas- filter. However, the parasitic inductance of the 1 PF

. capacitor may limit the performance of this filter at high frequencies.

- Additional protection for the rectifiers can be obtained by specifying

' their maximum reverse voltage rating (also called "peak inverse voltage") to

* m be 4 times the normal rms secondary voltage or 400 volts, whichever is the

" greater.

Additional protection for the filter capacitor, C in Fig. 13-2, can be

- obtained by specifying a DC working voltage that is at least 2.5 times the

normal rms secondary voltage (or at least 1.7 times the peak secondary

voltage). One should remember that the secondary voltage is greater than the

nominal value (which is measured at the maximum rated secondary current) when

the transformer has a small secondary current, the no-load condition for the

[ power supply. There is no point in allowing the no-load condition to stress

the filter capacitor.
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BYPASSING

Sometimes one encounters a unregulated or quasi-regulated DC power supply

bus that serves one or more distant loads. A voltage regulator should be

located near each load. The input terminals of these voltage regulators

should have several bypass capacitors in parallel that includes large

.. capacitors (e.g. 100 VF) as well as smaller electrolytic

capacitors (e.g. 1 UF to 10 VF) and ceramic capacitors (e.g. 0.01 UF to 0.1

uF). The parallel combination of capacitors is necessary to counter the

effect of the parasitic inductance in the long cable between the DC source and

the voltage regulator. Fig. 13-4 shows the magnitude of impedance vs.

* frequency for the parallel combination of the following four capacitors:

C L series resistance

aluminum electrolytic 100 UF 280 nH 0.5 Q

tantalum electrolytic 6.8 UF 5.8 nH 0.2 Q

ceramic disc 0.1 UF 7 nH 0.2 Q

ceramic CK06 style 0.01 UF 2.8 nH 0.2 9

The 0.1 pF ceramic disk capacitor is not essential, but it does reduce the

impedance between 10 MHz and 20 MHz by about a factor of two. A 100 UF

aluminum electrolytic capacitor Is suggested instead of a 100 UF tantalum

electrolytic capacitor since the tantalum unit is much more expensive and the

superior electrical properties of tantalum electrolytics are not important in

this application.

A voltage regulator should always be located near the load, and usually

be within about 30 cm if possible. If the voltage regulator is far from the

r
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load, the regulator can not be expected to maintain a constant load voltage,

owing to parasitic inductance and resistance of the wiring.

PROTECTION OF REGULATORS

A positive integrated circuit voltage regulator can be damaged by

excessive input voltage, or by a value of (Vin - Vout) that is more negative

thmn -O.6 volts. We shall now consider how to protect against these two

damaging conditons.

A
Typical maximum values of Vin are about 35 volts for most integrated

circuit regulators, although some regulators with Vout - 5 volts have a

maximum input voltage as small as 20 volts. When protection is necessary, the

best way to protect against excessive input voltage is to use an avalanche -

diode as shown in Fig. 13-5. The avalanche diode is the agent of choice owing

to its highly non-linear relation between current and voltage. The breakdown

voltage of the diode should be chosen to be slightly less than the maximum

tolerable input voltage of the regulator circuit. However, the breakdown

voltage of the diode must be greater than the peak input voltage during normal

operation of the DC power supply. If the normal operation of the DC power

supply should cause the avalanche diode to conduct, thermal destruction of the

avalanche diode is almost certain. Owing to this hazard, it would be

preferable to design power supplies that limit the input voltage to the

regulator to safe values by using only the components shown in Fig. 13-3. If

the varistors on the mains and the capacitors on the secondary side are

inadequate to assure the survival of the regulator during proof testing, an

avalanche diode can be added as a last resource.

..................................
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The avalanche diode, as shown in Fig. 13-5, is recommended if a long

cable is present between the source (transformer) and the voltage regulator.

Transients that enter the system on this cable will not be attenuated by the

varistors on the mains, or by the capacitative voltage division, as discussed

above in connection with Fig. 13-3. Therefore, the avalanche diode is a

reasonable choice in this situation.

When one is tempted to use an avalanche diode to protect a voltage

regulator, it is recommended that one also consider using a voltage regulator

with a large maximum input voltage (e.g. model LM317HV for positive voltages,

LM337HV for negative voltages). The "extra" margin of tolerable input

voltages will allow an increased safety margin between the normal operating

voltages and the avalanche diode conduction voltage.

The value of (Vin - Vout ) must never be more negative than about -0.6

volts; violation of this rule will destroy an integrated circuit voltage

regulator. Such a condition can arise if there is a short-circuit on the

input side of the voltage regulator while the output voltage is maintained by

bypass capacitors. Such a condition can also arise if a transient forces the

voltage at the output terminal to a large positive value. Protection for the

voltage regulator against these hazards can be otained by use of the circuit

in Fig. 13-6. The diode in Fig. 13-6 should be a rectifier that is capable of

discharging the bypass and filter capacitors. This diode is normally reverse-

biased by about 3 to 5 volts.

The circuit of Fig. 13-7 also protects the positive voltage regulator

o° %%....
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from positive current passing into the output terminal. However, using a

U1 series diode, as shown in Fig. 13-7, has several disadvantages. First, the

a, diode degrades the voltage regulation during normal circuit operation. The

voltage across this diode can vary between 0.6 and 1.0 volt, depending on the

- current. Second, the diode may offer little protection from fast risetime

transients. Since the diode is normally conducting, and an overvoltage causes

* the diode to be reverse-biased, the diode's response time is on the order of

the reverse recovery time. The reverse recovery time is typically on the

order of microseconds for most rectifier diodes.

I
PROTECTION FROM TRANSIENTS AT LOADS

The load can be protected against transients that are introduced on the

i output side of the voltage regulator by the circuit shown in Fig. 13-8a. The

-. minimum value of the avalanche diode breakdown voltage should be chosen to be

about 1.2 times the maximum output voltage of the regulator circuit. The

m words "minimum" and "maximum" should be understood to include effects due to

device tolerance, temperature, changes in load current, etc. This should

preclude the avalanche diode conducting during normal operation of the system.

For example, a 6.8 volt ± 5 % diode could be used to protect a 5 ± 0.3 volt

power supply bus. In this example there would be at least a 1.1 volt margin

between the maximum supply voltage and the minimum avalanche voltage.

U.S. Military Handbook 419 (1982, p.1-89) recommends that the minimum

avalanche diode voltage at a 100 microampere diode current be 1.05 times the

maximum output voltage of the regulator. This is a different way of

expressing the same concerns as given in the previous paragraph.

.
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S -The bypass capacitor network shown in Fig. 13-8a is included to provide a

-- stable DC voltage even when the loads are drawing rapidly changing currents

from the power supply bus. In addition, they provide limited protection

against transients.

Provided that there are no loads that are prone to severe transients

*. (e.g. line drivers, line receivers), one clamping diode and one 6.8 UF

tantalum electrolytic capacitor will serve to protect a single printed circuit

board. The 0.1 pF and 0.01 VF ceramic capacitors should be distributed over

the area of the printed circuit board for optimum suppression of transients.

Devices that are possible or likely sites for severe transients should have an

avalanche diode located near the device, as well as a bypass capacitor

S"network. If the device merely has a large time rate of change of power supply
.* current, a tantalum capacitor and a ceramic capacitor should be located near

the device.

Notice that the avalanche diode shown in Fig. 13-8a protects the loads

from positive overvoltages, as well as protecting the electrolytic bypass

capacitors and electronic loads from voltage reversals on the power supply

bus.

o When It is anticipated that very severe transients will be introduced

through the load, series resistance and inductance might be introduced to

reduce the stress on the avalanche diode, as shown in Fig. 13-8b. However,

b " the series element(s) decreases the protection that is provided for the

integrated circuit, by increasing the voltage that appears across load A1 . If

S'.. .. .......-... o,. . . -.- p ' . "o. .° . ...-......... ... ....-....
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we put an avalanche diode In parallel with the capacitors in Fig. 13-8b, we

return to the sitution where we must worry about the survivability of the

avalanche diode. The proper resolution of this situation is to put overstress

protection on the input signal line, and thus prevent the severe transient

from arriving at the input terminal, as well as the power supply terminals, of

load A1 .

DC CROWBAR

There may be situations for which the avalanche diode of Fig. 13-8

provides inadequate protection of the DC supply bus. DeSouza (1967) described

a comprehensive crowbar circuit, shown in Fig. 13-9, for protecting loads that

were connected to a 28 volt power supply. This circuit is called a "crowbar"

because it short-circuits the power bus as if a metal crowbar were dropped

across the two conductors. Crowbar circuits have the advantage of being able

to conduct large currents for sustained periods of time, unlike many other

transient suppression circuits. Crowbar circuits have the disadvantage that

they interrupt power to critical loads and may cause upset of the system.

The normally closed relay is included to interrupt "follow-current" in

either the spark gap or SCR. The fuse, inductor LI, and resistor R1 prevent

damage to the SCR by large surge currents. If the SCR switches to the

conducting state when the gate current is 10 mA, the SCR will conduct at a

line voltage of 40.7 volts since

(40.7 - 0.7) volts / 4 kQ - 10 mA

Rectifier D, provides clamping of reverse voltages. This allows the use of a

SCR with a low reverse breakdown voltage (e.g. 25 volts). The inductor L1 ,
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resistor R3 , and capacitor C1 form an oscillation suppression network that

attenuates transients caused by change of state of the relay, spark gap, SCR,

or rectifier DI.

DeSouza claimed that the use of a SCR allowed his circuit to have "a

faster response time and a much greater current capacity than" circuits that

use a zener diode. There is no debating that a SCR can conduct larger steady-

at-to 1, -rents than an avalanche diode. If we compare a 10 watt SCR with a 10

watt, 40 volt avalanche diode, we find that the SCR can carry 5 amperes but

the avalanche diode can carry only 0.25 amperes. This difference is due to

the difference in conduction voltages: about 2 volts for the SCR and 40 volts

for the avalanche diode. However, DeSouza is mistaken atiut the speed of

response. If large currents flow through a SCR before the device is fully

turned-on, a process which can take a few microseconds, the SCR can be

damaged. In contrast, the avalanche diode turns on in much less than one

nanosecond.

The circuit in Fig. 13-9 might be improved by including an avalanche

diode in series with R2 so that the cathode of the avalanche diode is

connected to the positive line. The breakdown voltage of the avalanche diodem

could be selected to be slightly greater than the line voltage during normal

operation (e.g. 33 V ± 5% for a 28 V line). This could permit the SCR to

conduct during small transients that were nearer the normal operating voltage

across the line. Alternately, one could specify an avalanche diode breakdown

voltage that was slightly less than the maximum tolerable voltage across the

load(s) in order to avoid nuisance crowbar actuations.
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UNINTERRUPTIBLE POWER SUPPLY

If the mains power should be interrupted, the common DC power supply will

be unable to continue to supply power to critical loads. A relatively

inexpensive uninterruptible power supply is shown in Fig. 13-10.

-" This circuit uses N rechargable batteries connected in series to form a

reserve power supply. The voltage regulator U2 regulates the voltage across

the batteries to a constant voltage across the critical loads. The voltage

regulator U1 regulates the battery-charging voltage. Diode D, prevents the
I

batteries from discharging into the regulator U1 . The mains connection,

transformer, and rectifiers have been omitted from Fig. 13-10 for simplicity.

'- Sealed, "maintenance-free," lead-acid cells are particularly desirable

_ for the batteries because they (unlike nickel-cadmium batteries) can be

connected indefinitely to a constant voltage source without degrading their

* mlife. The number of cells, N, is determined by the load voltage, Vout , the

minimum desirable value of ( V out) for regulator U2 , and the "fully

discharged" cell voltage. If we specify

j (Vin V gout) z 3 volts

and use lead-acid batteries with a fully discharged potential of 1.6

volts/cell, we obtain Eqn. 1.

p " N a (Vout + 3 volts)/(1.6 volts) (1)

The value of N, of course, must be an integer.

" The value of output voltage from regulator U1 is set by the values of R,

and R2. The value of R1 is arbitrarily set to 220 Q, and the value of R2 is

-. . .. * - .
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then calculated from Eqn. 2, where

V1 - (Voutl/R1)(R1 + R2 ) (2)

V, is the potential difference across the series connection of R1 and R2 and

- Voutl is the potential difference between the output and adjustment terminals

mI of regulator U1. We can neglect the current that flows in the adjustment

terminal of U1 because it is much smaller than Vout1/RI when R, is 220 n. The

value of V, is determined by the proper charging voltage for N batteries in

series and the voltage drop across diode Di . If the chargihg voltage per cell

is too small, the cells will take a long time to be partially charged and

never will be fully charged. If the charging voltage is too large, prolonged

1' connection to this voltage after the cells have been fully charged will damage

the cells. A reasonable value for the charging voltage per cell for lead-acid

batteries is between 2.25 and 2.40 volts. With this information we arrive at

.Eqn. 3.

V, - (N x 2.30) * 0.6 volts (3)

Eqns. 2 and 3 can be solved for the value of R2 , given Voutl, N, and the

* choice of 220 Q for R1*

The circuit of Fig. 13-10 has excellent voltage regulation, owing to the

two voltage regulators, U1 and U2, in series. The batteries also act like a

filter capacitor, since they have an incremental impedance, AVi 1I, of the

order of a few milliohms.

- The major disadvantage of the simple circuit in Fig. 13-10 is that the

regulator U1 must be capable of supplying both the current to the loads,

b through regulator U2 , and the battery charging current. When the batteries

are discharged and the mains are reconnected, the initial battery charging

) * ..
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current alone can be between 5 A and 10 A for 2.5 A-hr cells. Such a large

current can cause many popular three-terminal integrated circuit voltage

regulators to behave as constant-current sources owing to internal "short-

circuit protection." Alternately, the combination of the voltage drop across

the input and output terminals of U1 and the large current can cause internal

thermal protection circuit to operate and decrease the output voltage below

normal values. While the internal short-circuit protection and thermal.

protection circuits save regulator U1, they may make it difficult to operate

the critical loads once the mains power has been restored.

The disadvantages of the simple circuit in Fig. 13-10 can be avoided by

using a separate power supply for the battery charging, as shown in Fig. 13-

11. The power transistor Q, and avalanche diode D1 form a voltage regulator

for charging the batteries. The battery charging voltage is the breakdown

voltage of the avalanche diode minus the base-emitter voltage drop of Q1.

Resistor R, limits the maximum charging current to a safe value for transistor

Q1. Resistor R2 limits the current in the avalanche diode D1 . Rectifier D2

prevents the transformer secondary that is shown in the upper half of Fig. 13-

11 from supplying charge to the batteries. We require that, during normal

operation, the voltage at point A in Fig. 13-11 be greater than the battery

voltage so that the batteries are charged. One way to do this is to specify

the transformer to have two identical secondary coils. The voltage dropped

across the collector-emitter Junction of Q, (as well as across RI) will make

the battery voltage less than the voltage at point A.

*t
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PROTECTION OF CIRCUITS AND SYSTEMS FROM UPSET

UPSET THRESHOLD

Nearly all transient protection circuits allow a small fraction of the

incident transient, called the "remnant," to propagate to the protected

devices. In a properly designed protection circuit the remnant will have

insufficient energy, current, or voltage to damage protected devices.

However, there is still concern that the remnant could be misinterpreted as

valid data. Such misinterpretation is called "upset." The threshold for

upset is often within the normal range of input voltages to the system.

Therefore, one can not discriminate against upset on the basis of voltage

levels alone.

UPSET AVOIDANCE

We now discuss some practical suggestions that can be used to reduce the

possibility of upset.

Brown, et al. (1973) recognized that decreasing the response of the

circuit to high-frequency signals would decrease the vulnerabilty of the

circuit to upset by fast transients such as EMP. There are four particularly

helpful suggestions that can be made

1. A low-pass filter (with a cutoff frequency of 10 kHz or less) can be

inserted in series with the input data line.

2. Analog interface devices with the smallest acceptable gain-bandwidth

product should be used.

3. Relatively slow digital logic devices should be used in interface

, ............ ........ ....,- ....... .... . . .
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circuits.

4. Edge-triggered logic should be avoided In digital interface circuits.

Brown, et al. (1973) also suggested the use of error-detection codes In

~digital transmissions to decrease the vulnerabllty to upset. This is a

special case of bandwidth reduction, since transmitting redundant information

in an error-detection code reduces the amount of information that can be

transmitted per unit time.

Use of balanced, differential line and input amplifier with both large

common-mode rejection ratio (CMRR) at frequencies above 1 MHz and a large

range of permissible common-mode input voltage will decrease vulnerability to

common-mode transients. While this is a good suggestion, one must realize

that it does nothing to avoid upset from differential-mode transients.

DIGITAL CIRCUITS

Digital circuits appear to be more easily protected against upset than

analog circuits. There are two reasons why this is so:

1. The voltage in a digital circuit has only two valid states, high and low.

Values of voltage between these two states can be recognized as

. inappropriate. This Is in contrast to an analog circuit for which a

-"proper signal voltage is allowed to vary continuously over some range.

.- In practice, many analog signals when converted to a digital format

require 12 bits (which is equivalent to 4096 different states). If the

analog signal has a range of 20 volts (e.g. -10 to +10 volts), the

voltage increment per state is about 0.005 volts. This is a much smaller
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value per state than for digital signals, where a margin of 1 volt (or

more) separates the two states.

-' 2. Digital data can be easily stored in a memory, and transmitted

redundantly with a large time delay between transmissions. If both

transmissions have identical content, there is a negligible chance that a

transient corrupted both transmissions in the same way. There is no

convenient analog memory that would permit a corresponding operation.

We can reject noise on digital lines by using interface devices with

Schmitt-trigger inputs. A typical 7414 or 74LS14 Schmitt-trigger digital

input requires that the input signal have a change in voltage of at least 0.8

volts before the output voltage will change. This allows the system to reject

noise that has a magnitude less than this value.

The use of a low-pass filter with digital logic is particularly simple if

logic circuits of the complementary metal-oxide semiconductor (CMOS) family

are used. The large input impedance of the CMOS gate, which can be modeled as

a 1012 Q resistance in parallel with a 5 pF capacitance, constitutes a

negligible load for the output of a simple RC low-pass filter as shown in Fig.

14-I1. The value1f R can be as large as 1 Mn without introducing

complications in the circuit design. If electrolytic capacitors are used for

C, solid tantalum units with a capacitance value of less than about 10 UF

would be preferred, owing to concerns about DC leakage current. The two power

supply connections to the CMOS logic are labeled VDD and VSS in Fig. 14-1,

where VDD is the more positive supply. Typical values are

VDD 5 to 10 volts and Vss 0 0 (ground)

The output from the low-pass filter no longer has the sharp edges that are

. . ...
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characteristic of a good digital signal. Therefore, the output of the low*

pass filter must be connected to the input of a Schmitt*trigger gate to

properly interpret the degraded digital signal. Incidentally, a large value

of R will provide substantial overvoltage protection for the CMOS input, as

discussed in Chapter 11.

Brown, et al. (1973) suggested the use of a delayaline and an AND gate to

verify that digital input data are stable. A Schmittwtrigger input circuit

must be used for the logic device shown in Fig. 14-2, owing to the degredation

in rise and fall times of the signal by the low-pass filter. The Schmitt-

trigger input also provides noise immunity as discussed above. We can combine

this idea with the use of Schmitt-trigger inputs to obtain the circuit shown

in Fig. 14-2. The output of the circuit in Fig. 14-2 is high only if the

input has been stable in the high state. This circuit helps avoid upset from

transients that cause a high state to become a low state. When this circuit's

output is in the low state, one can not tell if the input signal is supposed

to be in the low state, or whether a high state has been corrupted by a

negtive-going transient. Thus this circuit is appropriate for use in systems

where a high state indicates a critical operation (e.g. launch weapons) and

the low state indicates a routine or benign condition.

Valid data on a balanced digital line requires that the two lines have

complementary states. Buurma (1978) described the use of an exclusive-or gate

with Schmittotrigger inputs to detect non-valid conditions on a balanced

digital data line, as shown in Fig. 1403. Whenever the output of the

exclusiveor gate is in the low state, the data are invalid. Conversely, when

the output of the exclusive-or gate is in the high state, the data are valid.

7. .- '7,.
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The circuit in Fig. 1403 is not presently available In a single integrated

circuit package, but it certainly could be fabricated in a single package if

the market were to demand it.

COORDINATION OF TRANSIENT PROTECTION AND UPSET AVOIDANCE

Since transient protection is required on all interface circuits, it is

reasonable to consider including a transient detection circuit with the

protection circuit(s). The output of the overvoltage detection circuit would

be used to inhibit acceptance of data during or immediately after a transient.

Knight (1972) suggested a novel transient protection circuit similar to

that shown in Fig. 1414. The avalanche diode and light emitting diode (LED)

serve as a transient detection circuit. The light from the LED causes the

switch on the right hand side of Fig. 14*4 to close, thus protecting the load.

• . The delay line compensates for the response time of the photodetector and

i switch. While Knight (1972) advocated this circuit for protection

applications, it is a simple modification to remove the shunt switch and use

the output of the photodetector to indicate the presence of overvoltages.

This output could be used to inhibit the acceptance of data.

The circuit shown in Fig. 14-4 responds only to positive overvoltages,

*however bipolar circuits are a simple extension, as shown in Fig. 14*5. In

*ii:  the circuit of Fig. 14-5, avalanche diodes D I and D2 provide the final stage

in a transient protection circuit (for simplicity, the earlier stage(s), which

.t may include a spark gap) are not shown. Diodes D1 and D2 are essential,

because we can not rely on diodes D3 , D 4 for protection. The shunt path

..
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through D3 and D4 includes a resistance R1 , and probably considerable

parasitic inductance, that defeats any protective function. The pair of

LEDs, D5 and D6 , along with phototransistor Q1 , are contained inside a single

package, e.g. model H1IAAl (which is available from General Electric,

Motorola, or Siemens/Litronix) or model 0PI2500 (which is available from TRW

Optron).

The value of Ri is determined so that the LEDs are not damaged by

transient pulses. The circuit will be designed to operate the LEDs, D5 and

D6 , at 10 mA and 1.1 V. We let VU denote the magnitude of the voltage at

which the upset detection circuit will respond. Of course, the magnitude of

the clamping voltage of the series combination of protection diodes DI and D2

must be greater than VU, else D and D4 will not conduct. We let VZ denote

the breakdown voltage of the series combination of diodes D3 and D4 . From

Kirchhoff's voltage law, we obtain:

V + (10 mA x RI) + 1.1 volts -V U

This equation has two unknowns, VZ and RI.

We need to be certain that the LEDs will not be damaged by transient

currents. We let Vp denote the magnitude of the clamping voltage of the

series combination of protection diodes D, and D2 . The maximum current in

either LED should not exceed about 60 mA, this occurs at about 1.3 volts

across the LED. We can apply Kirchhoff's voltage law again and obtain:

V + (60 mA x R1 ) + 1.3 volts - Vp

This equation also has two unknowns, Vz and RI. We can solve these two

equations simultaneously to complete the design.

', " " < i ... . .... . .. . . . . .
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When one of the LEDs is illuminated, the phototransistor conducts, and

- the voltage at the A input terminal of the 74221 monostable multivibrator goes

.- to the low state. This triggers the multivibrator, which provides a positive

pulse at its output terminal. The pulse duration is a function of a timing

resistance, RT, and capacitance, CT. The multivibrator automatically resets

itself at the end of the pulse.

Unfortunately, optoisolators with a phototransistor output have a slow

response. The low*pass filter or delay line in the circuit shown in Fig. 14-5

should have a delay time of several microseconds in order to be certain that

the output of the upset detection circuit has responded before the remnant has

propagated to the output port of the delay line.

I One could substitute an optolsolator with a photodiode output, and

.-. decrease the response time to less than 0.1 us. While, this greatly increases

the cost of the optoisolator, the total circuit cost may decrease owing to the

*smaller delay line that can be used with a faster optoisolator. Suitable

optoisolators with a pair of photodiodes and internal amplifiers include the

Hewlett*Packard HCPL*2630.

An alternate transient detection circuit might have a PIN photodiode, D1 ,

detect luminosity from a spark gap, as shown in Fig. 14-6. The signal from

* the photodiode is detected with a high-speed comparator. Resistors R2 and R3

• bias the comparator so that the output is normally in the low state. When the

photodiode conducts, the voltage across R, is greater than the voltage across

I, R3, and the output of the comparator switches to the high state. Typical

values of the resistors are

.
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fti

RI - 2 kQ R2 - 4.7 ki R3 - 1 kO

The capacitor C is a 0.01 UF ceramic bypass capacitor that is included to

insure a stable voltage at the inverting input of the comparator.

The spark gap in the circuit in Fig. 14-6 must have a transparent glass

case (e.g. Siemens button type gap) in order to flood the photodiode with

intense light during a transient. Also, the photodiode should be specified to

have adequate response to blue light, since this color predominates when the

spark gap operates in the arc region.

TRANSIENT DETECTION FOR MAINS

Transients on the mains can be detected with the circuit shown in Fig.

~14-b7. The varistor, VI, is a metal oxide varistor with a clamping voltage of

• less than 1 kV at the maximum expected surge current. Avalanche diodes D1 and

D2 may have a nominal breakdown voltage of 200 volts and a steady~state power

*I rating of at least 5 watts. These diodes provide the discrimination between

normal mains voltages and a transient overvoltage. Avalanche diodes D3 and

D4 , and resistor R2 , protect the LEDs in the optoisolator from excessive

* current. Suitable types of avalanche diodes for D3 and D4 have a breakdown

voltage of 6.8 volts and a steady*state power rating of 0.5 watt. Diodes D

• and D4 do not need to have large power ratings, since the current in them is

m "less than the current in diodes D, and D2 (owing to the shunt path through the

. LEDs) and the voltage across D and D4 is much less than the voltage across DI

and D2. The optoisolator Is the same type as discussed above in Fig. 14-5,

n Isuch as model H11AA1.

................ ..... . . . .
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The value of resistors RI is determined by the maximum voltage across the

varistor and the maximum tolerable current in D, and D2 . Because this circuit

is isolated from ground, and the energy deposited in the resistance is large,

the resistance has been divided Into two units of equal value. If the

varistor maintains the voltage at less than 1 kV and DI and D2 can tolerate a

current of 25 mA (5 watts/200 volts - 25 mA), then we calculate

1 kV / 25 mA - 2 RI  or R, - 20 kQ

These resistors should be either 2 watt carbon composition units or wirewound

units with a steadywstate power rating of at least 2 watts.

Resistor R2 , along with diodes D3 and D4, protects the LEDs from

excessive current. The maximum allowable steady-state LED current, about 50

mA, is greater than the maximum steady-state current in diodes D, and D2.

Therefore, we can let all of the current in D, and D2 pass through the LEDs.

This maximizes the current in the LEDs, and thus makes the optoisolator faster

responding. The series combination of diodes D and D4 will not conduct at a

voltage of less than ((6.8 x 0.95) + 0.6) volts, or about 7.0 volts. (We

take into account a ± 5% tolerance on the 6.8 volt breakdown potential.) We

determine the value of R2 so that when 25 mA passes through D, and D2, there

is just 7.0 volts across D3 and D4. Since the LED has a drop of about 1.1

volts when conducting, we obtain R2 - 240 Q.

The output of the phototransistor in Fig. 14-7 can be connected to a

multivibrator as was shown in Fig. 14-5. The presence of low-pass filters

downstream from the varistor is standard in mains transient protection

circuits (see Chapter 12). These lowopass filters will delay the remnant.

Tests need to be performed in the laboratory to verify that the delay time of

II
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the low-pass filter is at least as long as the response time of the transient

detection circuit of Fig. 1447.

APPLICATION OF UPSET AVOIDANCE CIRCUITS

In the circuits shown in Figs. 5 through 7, a delay line or lowwpass

filter is necessary between the transient sensor and the connection of the

input line to the system, in order that the system is inhibited before the

peak of the transient reaches the system. In addition to inhibiting the

system, one might also activate an electro-mechanical latching mechanism that

would signal maintenance crews to check for possible damage caused by the

transient.

Since the transient sensors in Figs. 5 through 7 depend upon voltage

discrimination, there will be a "window of susceptibility" for magnitudes of

input voltage that exceed the upset threshold but are less than the level

needed to activate the transient sensor. This window of susceptibility makes

the upset problem very difficult to solve.

It is important to recognize that not all input conductors to a system

need to be connected to a transient sensor. Input lines should be connected

to a transient sensor if they are either:

1. connected to transducers that are illuminated by exterior

electromagnetic fields or exposed to direct injection of current by

lightning,

2. carry data of a particularly critical nature, or

3. have relatively lengthy or poorly shielded transmission lines.

L
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The outputs of multiple transient sensors should be connected to an OR gate so

that we obtain a single digital signal to inhibit the system.

Hardening a circuit to prevent upset needs to be done during the design

of the equipment to be protected. Effective upset hardening is unlikely to be

. !accomplished by later connecting a box to each input. There is general

agreement that hardening a system against upset is much more difficult than

protecting it from destructive transients.

r UPSET DUE TO INTERRUPTION OF MAINS

A system can also be upset by transients on power lines. If spark gaps

3 are used for transient overvoltage protection of power lines, the line current

must be interrupted for several cycles to stop the "powerofollow" in the spark

-. gap (see discussion of spark gaps). This is why the lights in buildings

* flicker or blink during thunderstorms: lightning hits an overhead power line,

drives spark gap(s) into the arc mode (which puts an effective short*circuit

across the line), and the arc is interrupted by automatically reclosinE

circuit breakers.

To avoid these brief losses of AC power, one could prohibit the use of

= spark gaps (and other devices which inherently have a "followocurrent"

problem) as SPDs on power lines. Metal oxide varistors offer an effective

substitute for small and moderate surges. If the power line is buried

underground, the very large surges tha.. are associated with direct lightning

strikes are largely avoided. However, for overhead power lines, spark gaps

'2...?.?-..-.. ... .-- '-'.....-... -..... *-..... ,.~ -. -.- ,.. . ... .- ..- *... - .-.. . .• . . , . . . . . . .
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appear to be necessary for economical protection of the distribution system.

Moreover, there are natural spark gaps such as insulator flashoover to ground

and arcs between the line and adjacent trees.

Digital computers are particularly susceptible to upset from

unanticipated interruption of power. During the fractions of a second that

power is interrupted by the automatic circuit breakers, the filter capacitors

in the DC power supplies inside the computer will be the only source of power

to keep the computer's memory opertional. Significant upset protection can be

obtained by making these filter capacitors large enough to operate the entire

computer for at least one second. Alternately, an "uninterruptible power

supply" (UPS) can be connected between the power line and the computer. The

operation of an UPS is described in Chapters 12 and 13 for AC and DC circuits,

respectively. A typical commercial grade UPS that can supply 3 A at 120 Vrms

for 20 minutes costs about $1500 in small quantities. While this is more

expensive than increasing the size of the filter capacitors in the DC supply,

it does offer protection against sustained power interruptions.

A third technique to avoid upset due to temporary loss of AC power is to

use a voltage'responsive upset detection circuit to switch the load into a

standoby state. For example, computers with CMOS static random access memory

(RAM) can retain their data for weeks or months when powered from small Ni*Cd

or Li batteries that can be mounted on the printed circuit board that contains

the memories. This technique is used in the "continuous memory" feature of

some handheld calculators and is available as an option on a few mainframe

computers.

s - . ".* , -* . . . . i% % 1
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